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Abstract 
Most companies today are working in a global environment where competition is 
hard. In order to be able to survive it is essential that the companies utilise their 
resources as much as possible in order to keep the production cost low. 
Maintenance plays a crucial role because of its impact on availability, reliability, 
quality and life cycle cost (LCC). However, being able to use maintenance 
proactively so as to increase the utilisation of the production process resources 
requires access to proper tools and methods for deciding on what maintenance to 
use and to follow up maintenance impact.  

Consequently, the overall research problem discussed in the thesis is: How to 
select a maintenance policy and follow up its performance with respect to cost-
effectiveness in order to improve company profitability.  In order to solve this 
overall research problem it has been broken down into four research questions 
R1: How can different approaches intended for maintaining or improving 
production process performance assist in the identification, analysis, elimination 
and prevention of recurrence of problems in a production process?, R2: How 
should maintenance be selected on the basis of cost-effectiveness?, R3: How 
should the technical and financial performance of maintenance be measured in 
order to enable cost-effective improvements?  and R4: How to access relevant 
data required for cost-effective decisions in maintenance?.  

The philosophical basis applied in the work presented in this thesis is systems 
theory. When looking at maintenance, it is necessary to have a wide perspective 
and also see the interaction between maintenance and other relevant working 
areas.  

The major contributions that have been achieved and reported in the thesis 
are: 1. A literature review regarding current approach abilities to identify, 
analyse and prevent the recurrence of problems, 2. The development of a 
conceptual model for measuring the maintenance impact through a set of key 
performance indicators indicating where and how much to invest in 
maintenance., 3. The development of a maintenance support system for 
measuring the economic/financial impact of maintenance on both operative and 
strategic levels, 4. The development of a model for selecting and improving 
maintenance policies based on cost-effectiveness. The model presented is 
characterised by being flexible, in the meaning that it is possible to make a 
selection among any types of maintenance policies., 5. The definition and 
description of a common database containing relevant data for maintenance 
management and 6. Results from an exploratory study regarding IT maturity 
within maintenance management in Swedish industry are presented.  

The main conclusion of the thesis is that the tools and methods described in 
this thesis can represent important elements in a system to continuously and cost-
effectively improve maintenance performance and thereby better utilise the 
resources in the production process. 
Keywords: Maintenance management, Maintenance decision making, 
Maintenance selection, Maintenance performance measuring 
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Explanation of terms 
Common Database 
A common database is an essential feature for integrating plant operations. It is a 
database where all required data from all departments is collected, without 
duplication.  Al-Najjar (1977). 

 
Condition Based Maintenance (CBM) 
Maintenance carried out to need as indicated by condition monitoring, (BS 
3811:1993) 

 
Condition Monitoring (CM) 
The continuous or periodic measurement and interpretation of data to indicate 
the condition of an item to determine the need for maintenance, (BS 3811:1993). 

 
Data 
Facts, text, graphics, images, sound, and video segments that have a meaning in 
the user's environment, Hoffer, Prescott and McFadden (2002). 

 
Decision Support System 
A comprehensive computer-based system used to help people reach decisions 
about semi-structured problems, Reynolds (1994). 

 
Effectiveness 
The ratio between actual output and expected output, Oakland (1993). 

 
Efficiency 
The ratio of resources actually used and resources planned to be used, Oakland 
(1993). 

 
Efficient Maintenance 
Maintenance efficiency is assessed using the two quantities of effectiveness, the 
proportion of the expected number of failures avoided, and accuracy, the 
proportion of expected number of failures to expected number of removals, Al-
Najjar (1997). 

 
Expert system 
A computer system that uses knowledge and inference procedures to solve 
problems that are difficult enough to require significant human expertise for their 
solution. An expert system is capable of recommending a decision and 
explaining the reasoning behind it, Reynolds (1994). 
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Failure Based Maintenance (FBM) 
Maintenance actions are initiated by failures. No data regarding the past, present 
or possible future state of the machine is collected. 

 
Maintenance    
The combination of all technical and associated administrative actions intended 
to retain an item in, or restore it to, a state in which it can perform its required 
function, (BS 3811:1993). 

 
Maintenance strategy 
Management method used in order to achieve the maintenance objectives. SS-
EN 13306 

 
Maintenance policy 
A description of the interrelationship between the maintenance echelons, the 
indenture levels and the levels of maintenance to be applied for the maintenance 
of an item. BS 3811:1993 

 
Information 
Data that have been processed in such a way as to increase the knowledge of the 
person who uses it, Hoffer, Prescott and McFadden (2002). 

 
Preventive Maintenance (PM) 
Any task designated to prevent failures or mitigate their effects, Sherwin 
(2000a). 

 
Total Quality Maintenance 
A means for monitoring and controlling deviations in a process condition and 
product quality, and for detecting failure causes and potential failures in order to 
interfere when it is possible to arrest or reduce machine deterioration rate before 
the product characteristics are intolerably affected and to perform the required 
actions to restore the considered part of a machine to as good as new. All these 
should be performed at a continuously reducing cost per unit of good quality, Al-
Najjar (1997 and 2007). 
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Abbreviations 
KPI  Key Performance Indicator 
PM Preventive Maintenance 
CBM Condition Based Maintenance 
FBM Failure Based Maintenance 
CMMS Computerised Maintenance Management System 
FMECA Failure Modes Effect and Criticality Analysis 
ERP Enterprise Resource Planning 
TPM Total Productive Maintenance 
RCM Reliability Centred Maintenance 
TQMain Total Quality Maintenance 
TQM Total Quality Management 
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Introduction 

Background 
Many companies are working today in an ever changing world with competitors 
all over the globe. To survive and prosper on the market it is essential that they 
are continuously and cost-effectively improving their operation. It is not enough 
to improve the technical performance of the products and production process, the 
improvement must also be evaluated on the basis of its economic consequences 
in order to meet the customers’ demand for high quality products, delivered on 
time and at a competitive price.   

In their striving for a world class position several companies have employed 
approaches like Just in Time (JIT), Lean manufacturing and Six Sigma in order 
to increase productivity and overall equipment effectiveness by, e.g., reducing 
lead times, removing unnecessary operations and increasing the quality. One 
effect of this has been production processes which are more sensitive to 
disturbances and breakdowns, which in its turn emphasises the need for proper 
maintenance, Al-Najjar (1996).  

The increased need of maintenance is also realised by some but not all 
companies, see for example Desirey and Dunn (2000) and Cholasuke et al. 
(2004). However, the above-mentioned concepts for improving production 
processes do not consider maintenance as a means for improving production 
process performance to its full extent. In spite of the fact that maintenance can be 
a very important instrument in this respect, since if properly conducted it can 
reduce the need for resources in the production process, such as energy, raw 
material, time and labour, and as a consequence reduce the production cost, this 
situation has been discussed by many authors, for example Kelly (1997), 
Waeyenbergh and Pintelon (2002), Al-Ghanim (2003) and Al-Najjar (2007).  

Furthermore, over time production processes have developed towards higher 
complexity and automation. Such a technology change often comes with high 
capital cost, and this has been one of the driving forces in developing the role of 
maintenance. Consequently, the development of more automated and complex 
production technologies has led to development in maintenance as well, which 
has evolved from mostly being about restoring broken machines back to working 
condition to proactive maintenance, avoiding unnecessary stoppages and 
utilising, as much as possible, components’ technical life.  

Several studies show the relation between proper maintenance and production 
performance, for example Swansson (2001), Mitchel et al. (2002), Al-Najjar and 
Alsyouf (2004) and Ahmed et al. (2005). More generally, maintenance should, 
like all activities performed in a company, support companies in reaching their 
strategic business objectives such as delivery on time, competitive price and the 
expected quality level, which in turn may create increased profitability and 
maybe also increased market shares. However, a prerequisite for being able to 
take full advantage of maintenance in this respect is that the link, in both 
directions, between the operative level, where maintenance is conducted, and the 
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strategic level of the company is clearly described and understood. This aspect of 
maintenance has been discussed by, for example, Kelly (1997), Komonen 
(2002), Pinjala (2006) and Al-Najjar (2007).  

When the link between the maintenance operative level and the strategic level 
of the company is described, it must be possible to measure and follow up the 
maintenance impact on both operative and strategic levels. Consequently, a 
crucial area is the availability and accessibility of relevant data, Fernandez and 
Labib (2003), Al-Najjar and Kans (2006) and Schuman and Brent (2006). The 
data should provide managers with a relevant base for decisions on different 
levels.  

Maintenance is to a great extent about making decisions, both on the strategic 
level, i.e. about capacity, facilities, technology, policies, concepts and planning, 
Pinljala et al. (2006), and on a daily basis at the operative level. Decisions in 
maintenance must be based on a consistent data set that reflects the impact from 
maintenance in all relevant working areas of a company, which puts increased 
demands on information technology use. It also requires maintenance 
performance monitoring systems, maintenance selection methods, condition 
monitoring systems and models to analyse the gathered maintenance-related data 
in compliance, Sherwin (2000a) and Leger and Morel (2001). What is also 
important is that data is gathered in a systematic way and derived from the 
strategic goals of the company. Methods for how to determine what data to 
gather have been discussed by Alsyouf (2006) and Kans (2008). It seems evident 
that maintenance can play an important role for companies in reaching 
profitability and that it puts new demands on, for example, information systems.  

However, in a study presented by Alsyouf (2004) it was revealed that the 
important decision on what maintenance to use is often made without using any 
structured approach. One effect of this is that it is very difficult to follow up the 
impact the decision has on company’s profitability.  The most common method 
for selecting what maintenance to use was the knowledge and experience in the 
company. In the same study 70% of the respondents state that they see 
maintenance as a cost centre.  

Research problem 
Deciding on what maintenance approach to use is crucial for the performance of 
the production process, e.g. the equipment utilisation, throughput and 
maintenance downtime of a flexible manufacturing system (FMS), Vineyard et 
al. (2000), and when the consequences of downtime are severe, such as in 
process industry, maintenance becomes very important for its performance, Al-
Najjar (1997), Bevilacqua and Braglia (2000), Madu (2000), Mitchell et al. 
(2002), Al-Najjar and Alsyouf (2004) and Alsyouf (2007).  

Consequently, the decision which maintenance policy to use is a crucial one, 
and there are several methods described for deciding that, for example 
maintenance optimisation methods, Murthy and Asgharizadeh (1999) and 
Sherwin (2000a), Reliability-Centred Maintenance, (RCM) Rausand (1998) and 
Fonseca and Knapp (2000). These approaches for maintenance selection all have 
different characteristics. Maintenance optimisation models only deal with one 
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type of maintenance at a time and this makes it difficult to select among different 
types of maintenance policies, e.g. failure based maintenance (FBM), preventive 
maintenance (PM) and condition based maintenance (CBM), in a consistent way. 
Furthermore, according to Marquez and Heguedas (2002), there are not many 
implementations in industry of these models for determining maintenance policy. 
In RCM it is mostly the reliability of the machine that is in focus, not 
maintainability, availability and financial aspects, and the methodology becomes 
very complex and expensive, Wayenbergh and Pintelon (2002).  

The quality of decisions is always dependent, among other things, on the 
information they are based on. The importance of a well functioning system for 
measuring maintenance performance is pointed out by Pintelon (1997). The 
output from such a system serves as an input to the maintenance selection 
process, and should also be used when following up the consequences of the 
decision.  

Furthermore, maintenance is often an economic matter rather than a reliability 
problem, Al-Najjar (1997). If proper maintenance is used, unnecessary costs for 
breakdowns and for stopping a machine too early for replacement can be 
avoided, Vineyard et al. (2000). This means that the long time cost-effectiveness 
of maintenance policies needs to be considered when selecting what maintenance 
policy to use. 

 
The research presented in this thesis deals, theoretically and empirically, with 

how maintenance can be selected in order to support companies in reaching 
strategic objectives.  

 
From the above discussion the following research problem was developed: 

 
How to select maintenance policy and follow up its performance with respect 
to cost-effectiveness in order to improve company profitability? 

Research questions and objectives 
The main objective of the research presented in this thesis is to develop, present 
and discuss models for how to select and monitor maintenance.  

The research problem stated is rather large, so in order to make it manageable 
it must be broken down into smaller research questions. The answers to the 
research questions will together give the solution to the research problem.  

Maintenance, in a wide perspective, is for enhancing profitability through 
identifying problems, analysing the problem to determine the causes, if possible 
eliminate the causes, all in order to prevent the problems from recurring. To 
create an understanding of essential issues in this area the first research question 
is related to existing approaches used in maintenance and process improvement 
and their abilities in this area. 

 
RQ1: How can different approaches intended for maintaining or improving 
production process performance assist in the identification, analysis, 
elimination and prevention of recurrence of problems in a production process?  
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One of the most important issues in maintenance is the decision of what 

maintenance policy to use so in order to be able to select a maintenance policy or 
improve one that is in use a systematic procedure is required so as to ensure that 
the decision is based on facts and also followed up in a correct way.  
Accordingly, the second research question is: 

 
RQ2: How should maintenance be selected on the basis of cost-effectiveness?  

 
The research problem partly describes an improvement cycle: selecting a 

maintenance policy and following up its performance. In the first place, to be 
able to even consider which maintenance policy is the best requires a way to 
measure its impact on company profitability both before and after the selection 
has been made. This leads to the next research question: 

 
RQ3: How should the technical and financial performance of maintenance be 
measured in order to enable cost-effective improvements?   

 
To be able to measure maintenance performance requires access to relevant 

data. This is a rather complex problem when discussing maintenance, because 
the impact of maintenance is spread over many working areas in a company and 
research shows that commercial information systems generally do not give 
access to the required data, Labib (2004) and Kans (2008). This leads to the 
fourth research question: 

 
RQ4: How to access relevant data required for cost-effective decisions in 
maintenance? 
 

The papers appended in this thesis will contribute to the answers to the 
research questions. The relation between research questions and papers is 
presented in Figure 1. As can be seen, in several cases one paper supports the 
answer to several research questions. 
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RQ3

RQ4

RQ2

Paper VII 

Paper VI 

Paper V

Paper IV

Paper III

Paper II

Paper I Identification, analysis, elimination and prevention of 
recurrence of problem: methods and concepts

A database model for monitoring and assessing 
technical and financial impact of maintenance on the 
production process

Decision support system for monitoring and assessing 
maintenance financial impact on company profitability

Common database for cost-effective Improvement of 
maintenance performance

Selecting and improving a maintenance policy for 
mechanical components using cost-effectiveness

System for monitoring financial and technical 
performance of maintenance

Exploring the information technology maturity within 
maintenance management

RQ1

Figure 1 Connection between appended papers and research questions 
 
 
 

� Paper I compares the abilities of different popular approaches for 
maintaining or improving the performance of production processes.  

� Paper II explores the important information technology maturity 
within Swedish industry. This is essential when implementing 
information technology support for maintenance. It is also an 
important aspect for the ability of the company to take advantage of 
an information system. 

� Papers III and V discuss the concept of a common database in 
relation to maintenance. The purpose of the concept is to make 
consistent relevant data available for maintenance managers and 
technicians in order to make it possible to make different decisions in 
maintenance in a systematic way.  The idea is to link different 
applications such as modules for maintenance selection, maintenance 
performance measuring and other types of decision support to the 
common database. 

� Paper IV describes by means of a case study the application of a 
decision support system based on the concept of a common database 
for maintenance management. The result presented is a conceptual 
model for a maintenance decision system. 

� Paper VI presents the prototype of a system for monitoring the 
technical and financial performance of maintenance based on a 
model, developed by Al-Najjar (2007), for describing the impact of 
the operative level actions, such as maintenance actions, on strategic 
level results. Also presented in the paper is an initial test of the 
model performed at one company.  
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� Paper VII: In paper VII a model for selecting and improving the 
most cost-effective maintenance policy is developed and presented. 
The model is designed to make it possible to consistently select what 
maintenance policy to use on the basis of cost-effectiveness. Also 
presented in the paper is the result from interviews with eight 
companies regarding maintenance policy selection. 

 

Previous research 
The importance of maintenance has increased over the years and, consequently, a 
substantial amount of both theoretical and empirical research has been conducted 
in this area, see for example Swansson (2001), Mitchell et al. (2002)  Alsyouf 
(2004), Al-Najjar and Alsyouf (2004) and Pinjala et al. (2004). The strategic 
importance, in particular, of maintenance has been studied by, for example, 
Kelly (1997), Tsang (1998), Coetzee (1999), Alsyouf (2004), Pinjala (2006) and 
Al-Najjar (2007).   

Because maintenance plays a very great role in maintaining and improving the 
profitability of production processes in companies, measuring its impact has 
become very important. Consequently, research in this area has been conducted 
by several authors, see for example Ljungberg (1998), Jonsson and Lesshammar 
(1999), Komonen (2002), Alsyouf (2006) and Al-Najjar (2007). Several of these 
authors have pointed out that access to relevant data is a problem area. Linking 
technical operational maintenance performance to economic performance and to 
the strategic objective of a company is also in many cases a problem.  In a 
literature survey presented by Al-Najjar (2007) no relevant articles in this area 
were found.  

At the same time as the importance of maintenance has increased and its 
impact on company business has become more recognised the way maintenance 
is selected has also come more into focus. Research in this area has been 
performed by, for example, Moubray (1997), Rausand (1998), Bevilacque and 
Braglia (2000), Waeyenberg and Pintelon (2002), Mechefske and Wang (2003) 
and Al-Najjar and Alsyouf (2003).  

The focus on most previous research in maintenance has been on technical 
and operative aspects of maintenance and has not to any great extent considered 
the links between technical performance and performance on a strategic level.  
For example, both Total Productive Maintenance (TPM) and Reliability-Centred 
Maintenance (RCM) focus on maintaining or improving technical performance 
without an explicit link to financial performance or descriptions of the impact of 
maintenance on the strategic level, see for example Jonsson and Lesshammar 
(1999), Sherwin (1999),  Waeyenberg and Pintelon (2002) and Al-Najjar (2007).  

A focus on the economic and strategic motives for maintenance can be found 
in Business Centred Maintenance (BCM) and among LCC approaches such as 
Terotechnology, Kelly (1997), Sherwin (2000), Waeyenberg and Pintelon (2002) 
and Belak (2004). However, the implementation of such systems has proved to 
be complex and expensive, because life cycle analysis is complex and there are 
few systems and methods available in this area. Total Quality Maintenance 
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(TQMain) and tools and methods for maintenance management developed on the 
basis of TQMain by Al-Najjar (1996, 2001, 2007) and Al-Najjar and Alyouf 
(2000) abide by the LCC concept and use cost-effectiveness as a criterion for 
maintenance decisions. TQMain and its related models and methods overcome 
many of the obstacles of the previous LCC concepts.  

The research presented in this thesis continues the development of TQMain 
further and describes, specifies, defines and applies some of the key concepts 
used in TQMain. 

Relevance 
The result from this thesis is both theoretically and practically relevant. There 
has been previous research conducted in the areas covered.  

� The importance of maintenance performance measuring is for example 
highlighted by Pintelon (1997) and Komonen (2002). However, there is 
still a lack of research into how to measure maintenance performance 
all the way from the operational to the strategic level using financial 
terms.  

� The need to utilise more of the equipment’s life for production makes 
the process of selecting the most cost-effective maintenance policy for 
each significant component crucial. Yet, there is a lack of general, 
structured methods for making this selection on the basis of cost-
effectiveness. 

� Access to relevant data for maintenance management is often a 
problem, Srikrishna et al. (1996), Jonsson and Lesshammar (1999) and 
Kans (2008). To make the process of selecting or improving 
maintenance structured and consistent it must be linked to performance 
measuring, thereby ensuring the impact from maintenance on company 
strategic objectives.   

� Maintenance is still widely regarded as a cost. Because of this, more 
research related to how to show the technical and financial impact of 
maintenance on the operative as well as on the strategic level is 
required.    

Delimitations 
� In most part of this thesis it is assumed that everything that is produced 

is possible to sell. This assumption means that the cost of downtime is 
not elaborated on to a great extent.  

� The thesis is about maintenance management. How to actually carry 
through maintenance is not covered. 

� The models presented in the thesis are on a conceptual or prototype 
level. EcoCon, the system for measuring maintenance performance, is 
developed as part of the research and is still at an early prototype stage. 

� In most part of the thesis the quality of data refers to relevance, whereas 
other factors affecting the quality of data such as human factors are not 
considered. 
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Thesis disposition 
Chapter One starts with a background to the field of study, which leads the 
reader to the research problem treated. In the next section the overall research 
problem is discussed and explained. Then, the research questions and objectives 
of the study are examined and clarified. Next, the relevance of the problem area 
is discussed and after that the delimitations of the thesis. Chapter One ends with 
an outline of the thesis. 

Chapter Two reflects the choice of methodology and the author’s view of 
reality. In the Thesis research design section the reliability and validity of the 
research results are discussed. It also shows the methodology chosen to achieve 
the objectives of this research.  

In Chapter Three relevant literature and theories are reviewed. These form the 
basis of the research work presented in this thesis.  

Chapter Four presents the results achieved when answering the research 
problem. It starts with a review of the ability of current methods to prevent the 
recurrence of problems. The chapter then continues with methods and tools 
related to the selection of a maintenance policy, accessing relevant data and 
measuring the technical and economical impact of maintenance. Then results 
from a survey regarding IT maturity within maintenance management in 
Swedish industry are presented. The chapter ends by illustrating how the tools 
and methods presented can be used to continuously and cost-effectively improve 
maintenance performance.  

Chapter Five summarises the results and contributions from the research 
presented in the thesis and connects the results to the four research questions.  

Chapter Six presents the conclusion that can be made, comments and criticism 
of the thesis and suggests areas for future research.  
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Methodology 
This chapter explains the author’s understanding of the theory of science, 
methodology and the research process. These are important issues to clarify 
since they affect the reliability and validity of the result. Further, this chapter 
gives the reader a better possibility to judge the results and conclusions of this 
thesis. 

Paradigms and methodological approaches 
In order to gain knowledge science uses systematic and disciplined thinking 
about the area of interest, and heavy demands are made on the adequacy of the 
information collected. There is always a context in which the researcher works. 
This context consists, for instance, of the researcher’s previous experience, the 
area in which he or she works, available technical tools, culture and research 
subject. Several sets of ideas about the constitution of reality, science structure 
and ideals can exist in parallel at the same time. They are referred to as 
paradigms and were extensively elaborated on by Kuhn (1962). Lakatos (1970) 
used the concept of research programmes to describe this context in which a 
researcher works. It is important to be aware of the existence of these paradigms, 
because the researcher is (consciously or unconsciously) affected by them. 
Arbnor and Bjerke (1997) claim that all work is based on the beliefs of the 
researcher. The limits, including tools and methods, within which the research 
has to be conducted are set by the paradigm. 

In a paradigm there can be one or more methodological approaches and in 
each methodological approach one or more operative paradigms can be found. 
Figure 2 illustrates the relation between these entities.   

Operative ParadigmsOperative Paradigms

Paradigm

Methodological 
approach

Methodological 
approach

Paradigm

Methodological 
approach

Methodological 
approach

Methodological 
approach

Operative Paradigms
Operative Paradigms

Operative Paradigms
Operative Paradigms

Operative Paradigms
Operative Paradigms

Operative Paradigms

Operative Paradigms
Operative Paradigms

Operative Paradigms
Operative Paradigms

Figure 2. Relation paradigm, methodological approach and operative 
paradigms 
 
Paradigm 
A paradigm is any set of general and ultimate ideas about the constitution of 
reality, the structure of science, scientific ideals and the like, Arbnor and Bjerke 
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(1997). These general ideas are also referred to as basic assumptions. The 
paradigm will guide the researcher to what is open to inquiry and will help him 
or her in formulating questions. Furthermore, it will provide methods by which 
to examine the questions. Additionally, it will define the criteria for relevance 
and meaning, Kuhn (1962). In the paradigm the balance is set between the level 
of explanation and the understanding of reality.  

The researchers belonging to paradigms with a strong focus on explanation 
are usually objectivist-rationalistic, meaning that reality is concrete and 
conformable, independent of the researcher. If the focus is more on 
understanding reality, the researcher is more subjectivist-relativist, meaning that 
reality is a manifestation of human intentionality. 
 
Methodological approach 
A methodological approach is a set of ultimate ideas about the constitution of 
reality and the structure of science that is important to methods, Arbnor and 
Bjerke (1997). There might be different methodological approaches in one 
paradigm and there might also be those which are influenced by more than one 
paradigm. There are three distinctive methodological approaches used in 
business research: the analytical approach, the systems approach and the actors 
approach.  

The analytical approach tries to divide a system into its parts in order to study 
it. It is additive in that it argues that the whole is the sum of the parts. 
Ontologically, it is close to realism and positivism. Reality is considered to be 
objective and independent of individual human beings and the search for causal 
relations is in focus.  

The systems approach emphasises that systems interact with the environment, 
other systems, and by that acquire new properties. The whole is not equal to the 
sum of its parts, but the arrangement of the parts is vital for the outcome. The 
systems approach also considers reality to be objective and the focus is on 
finding finality relations.  

The actors approach is about determining meaning. Reality has more of the 
character of a social construction. The actors approach is closely related to 
hermeneutics. Reality is not considered to be objective and independent of 
individual human beings. Instead, the actors and context are very important 
factors that will affect the result. According to Patton (2001), a pragmatic 
researcher must select methods based on methodological appropriateness instead 
of methodological orthodoxy, in other words, not to be totally limited by the 
paradigm he or she works within. 
 
Operative paradigms 
The concept of operative paradigms is used by Arbnor and Bjerke (1997) to 
describe the relation between a methodological approach and an area under 
study. The operative paradigm is developed during a study. It will differ 
depending on the methodological approach. The level of formality is highest in 
the analytical approach, with many predefined techniques, and lowest in the 
actors approach. This means that in the analytical approach the development of 
an operative paradigm is less problematic and will be completed relatively early 
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on in the study. On the other hand, in the case of the actors approach the 
operative paradigm is not finished until the study is completed. By the operative 
paradigm methodical procedures, tools and techniques to be used to gather data 
and information are defined. Depending on the aim of a study different 
methodologies for capturing data can be used. The social scientists Judd, Smith 
and Kidder (1991) instead use the term operational definitions, and describe it as 
the sequence of steps or procedures a researcher follows to obtain a 
measurement.  

There are two basic classes of research methodologies: quantitative and 
qualitative methods. Larsson (1993) uses the terms idiographic and nomoethic to 
represent these methodologies. The idiographic methodology emphasises 
qualitative studies regarding many aspects. It uses relatively few study objects 
and performs an in-depth analysis in a specific context. The nomoethic 
methodology emphasises quantitative studies across large samples and provides 
a statistical analysis that is possible to generalise.  

Research process 
Graziano and Raulin (2000) describe a general sequence of phases that all 
research follows. This sequence can vary in different situations. The phases in 
this sequence are:  

The idea-generating phase: All research begins with an idea and this idea 
generally stems from the researcher’s own 
interest. The researcher’s interest in the subject 
is of great importance to the result, because it 
usually takes a great deal of patience to bring a 
research project to its end. 

The problem definition phase: The conceptualisation of the initially rather 
vague ideas is crucial for a successful result. 
Concrete research questions are formulated 
during this phase and all the other steps in the 
research process are aimed at answering the 
questions formulated here. 

The procedure design phase: In this phase the researcher determines what 
observations must be made in order to answer 
the questions formulated in the previous phase. 
Methods for collecting and analysing data are 
also determined here. 
 

The observation phase: During this phase the observations that were 
determined during the previous phase are 
carried out. 

The data-analysis phase: Here the researcher carries out the procedures 
that were determined during the procedure 
design phase. The aim is processing and 
making sense out of the data gathered. 

The interpretation phase: Here the result from the previous phase is 
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interpreted, in order to answer the following 
questions: How do the results help in 
answering the questions formulated during the 
problem definition phase and do they 
contribute to the knowledge in the field? 

The communication phase: Research findings must be published. Before 
they are published they cannot be called 
scientific. 

Data and data collection techniques 
Data can be quantitative or qualitative. Quantitative data is expressed in 
numbers. Quantitative methods can be used to find patterns regarding a 
population from a small sample. Furthermore, it gives a general view of a 
phenomenon that can be used to make comparisons and to show the strength of 
relations or the proportion of a phenomenon. Qualitative data, on the other hand, 
can be used when the researcher wants a holistic perspective or a total 
understanding of a phenomenon and if the aim of the research is to build new 
theories or understand social processes, Holme and Solvang (1991). 

Two types of data can be collected: primary data, i.e. the data is new, and 
secondary data, i.e. the data has been collected previously. The methods 
available for collecting new (primary) data are direct observations, interviews 
and experiments. There are problems related to the use of secondary data that the 
researcher needs to be observant of. One problem concerns compatibility, which 
depends on the purpose for which the data was collected, and which can be 
classified in a way that is not suitable for the researcher. The other has to do with 
trustworthiness, which means that it is difficult to be sure to what extent 
secondary data is correct, Arbnor and Bjerke (1997). 

Survey 
Surveys are made with the aim of gathering empirical data from individuals in 
their natural environment. Surveys as a method are useful in almost any type of 
research, Graziano and Raulin (2007, p. 321). Survey is actually not one method 
for collecting data, instead it is a group of several distinct types suitable for 
different objectives.  

O’Leary (2004, p. 153) identifies descriptive surveys with the purpose of 
giving a description of the current state, and explanatory surveys with the aim of 
explaining why things happen, why things are as they are. Graziano and Raulin 
(2007, p 328) use the terms status survey and survey research.  

Dependent on the purpose of the survey research different research designs 
have to be used. There are cross-sectional designs, where each person or group 
of persons is surveyed once. This type of survey can give information of a 
current state. If the purpose is to gain knowledge about changes in the 
population, a longitudinal survey design is used, where each individual or group 
of individuals is surveyed several times over a period of time, Graziano and 
Raulin (2007, p. 328). 
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Several methods can be used to perform a survey, using questionnaires (self-
administrated surveys), which enable the respondent to be anonymous. It is also 
possible to reach respondents from a large geographical area. Traditionally, 
questionnaires are sent by regular mail but e-mail has become more and more 
common. However, the response rate is often a problem, regardless whether 
regular mail or email is used, Frohlich (2002), O’Leary (2004, p. 154) and 
McCoy and Hargie (2006).  

Independently of the type of research and research design, finding a 
representative sample is always crucial for the quality of the results of the study. 
Graziano and Raulin (2007, p. 325) describe two basic methods, non-
probabilistic sampling and probabilistic sampling. Probabilistic sampling is used 
to ensure that the sample is representative for the population, for example, if the 
population consists of companies of a certain size. Probabilistic sampling ensures 
that all types of industries in the population are also represented in the sample. 
Furthermore, sample size is important. A heterogeneous population generally 
requires a larger sample in order to be representative.  

Other ways of managing surveys are face-to-face or by telephone. Using these 
methods is more expensive compared to self-administrated surveys, but they 
usually have higher response rates.  

Interview 
Interviews are a qualitative method for gathering information. Interviews are 
often characterised by being unstructured and in-depth. However, the structure 
can vary greatly between different interviews, from focusing on a predefined set 
of questions, structured interviews, to more thematic interviews, unstructured 
interviews, Wilkinsson (2000). In practice, the interview is often a mix of 
structured and unstructured questions. Interviews are used when in-depth 
information is needed. One advantage of interviews is that they are flexible, 
something that can, however, also cause problems when it comes to analysing, 
which can be very difficult and time consuming, Holme and Solvang (1986, p. 
117). Finding a re-presentative sample is an issue also when working with 
interviews. The sample must be representative to the population. 

Case study 
Case study is a qualitative method for gathering empirical data that focuses on a 
specific environment. Case studies are performed in the real-life context of the 
studied phenomenon. A case study should give deep understanding in a specific 
case. Basically, there are two types of case studies, single case and multiple case, 
and a multi case is almost always stronger than a single case design.  In a case 
study all sources of information are used, such as documentation, archival 
records, interviews, direct and participant observations. 

Problems often mentioned in relation to case studies have to do with 
generalisation, validity and reliability. However, according to Yin (2003), this is 
because generalisation often refers to statistical generalisation. Instead, when 
applying case study as a method analytical generalisation is used. Regarding 
validity and reliability problems, Riege (2003) suggests an asset of tests to avoid 
this problem. 
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Validity and reliability 
Reliability is dependent on how measurements are carried out and how cautious 
the researcher is during the analysis, and validity depends on what is measured 
and whether this is specified in the framing of the question, Holme and Solvang 
(1991). A measure cannot be valid unless it is reliable.   

To ensure that high reliability can be reached if many independent 
measurements of the same phenomena show the same or similar results, careful 
planning is necessary before the investigations are carried out. For instance, the 
construction of a questionnaire will determine if the information gathered is 
reliable or not. Factors such as not including all possible answering alternatives, 
the respondent failing to understand the questions, the situation of the respondent 
and the number of answered and returned questionnaires are of importance to 
reliability when using a questionnaire, ibid.  

Two examples of techniques for increasing the reliability of measurements are 
Interrater Reliability and Test-Retest Reliability. To establish the reliability of 
observations if the measure involves ratings, it can be necessary to use at least 
two observers working independently of each other. This type of reliability is 
referred to as interrater reliability. If all the raters always agree, the interrater 
reliability is high. On the other hand, if they always disagree, the interrater 
reliability is zero. If the variables measured should be stable over time, the 
reliability of the measuring can be increased if the same reading is done at 
different times. This type of reliability is referred to as test-retest reliability, 
Graziano and Raulin (2000).  

According to Graziano and Raulin (2000), there are four types of validity that 
the researcher must be concerned with: Statistical Validity, meaning that the 
accuracy of the conclusion is drawn from a statistical test; Construct Validity, 
describing the degree in which the theory or theories behind the research study 
provide the best explanation of the result observed; External Validity, expressing 
the extent to which the result of a particular study can be generalised to real-
world conditions, and, finally, Internal Validity, indicating the extent to which 
we can be confident that the changes observed in the dependent variable were 
due to the effects of the independent variable and not to the effects of extraneous 
variables. According to Arbnor and Bjerke (1997), there is also Face Validity, 
which is an assessment of the degree of acceptance of the results. 

Thesis research design  
This thesis is based on one research problem and four research questions where 
the research questions are used to answer the research problem. The research 
questions are in their turn linked to research papers, where different aspects of 
the research questions are discussed. In these papers different research methods 
are being used.  However, because of the nature of maintenance, being one part 
of a manufacturing system and thereby interact with other part of the system, the 
overall approach that have been used is the systems approach. An overview of 
used operative paradigms and research methods can be found in Table 1. 
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Table 1 Operative paradigms and research methods 
Paper Operative paradigm Research method 
I  Conceptual Review 
II  Nomoethic Survey (Questionnaire) 
III  Idiographic Theoretical and empirical (case) 
IV  Idiographic Case 
V  Conceptual Review 
VI  Conceptual Review and empirical (case) 
VII  Conceptual Review and interview 
 

Survey 
In Paper II answers from a cross-sectional study are used as a base for 
investigating information technology maturity within maintenance management. 
The seventh paper deals with information technology maturity in companies, 
which was not the original purpose of the survey. The purpose of the 
questionnaire was about maintenance in general and the selection of maintenance 
policy in particular. 

Case study 
Papers III and IV involve case studies. In this aspect these papers can be 
classified as idiographic, based on qualitative methods. In the small case study 
presented in Paper II mostly quantitative data regarding failures from one 
machine in a production process was collected. This data was then used to test a 
model, and in the analysis both quantitative and qualitative methods were 
employed. The data that was collected was defined by the model, but the 
corresponding data in the company was found in cooperation with a company 
representative. In the end the result was also discussed with representatives from 
the company. 

Paper III was based on two case studies, performed in different companies, 
and Paper IV was based on one case study. In these studies, too, the researchers 
only observed and collected data and did not participate. Information was 
collected using mostly interviews, and in the end the findings of the studies were 
presented in a report and also discussed with representatives from the case 
company. In both these cases we discussed with different people from different 
parts of the company in order to increase the validity and reliability of the study. 
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Literature review 
In this chapter relevant literature that forms the basis of the research in this thesis 
is reviewed. On the basis of the material in this chapter the research problem and 
questions presented in the introduction chapter will then be discussed.  

To find the total impact from maintenance one must look into many parts of 
the company.  Figure 3, which is a development of a figure introduced by Gits 
(1992), shows a production process with its input and output. In the original 
figure by Gits (1992) maintenance is referred to as a secondary input into the 
production process, while it should be regarded as an important means for 
companies to reach their strategic goals. The figure shows that maintenance 
influences the profitability of a company through the production process.  

The ability of a production process to attain strategic goals is dependent on the 
performance of the maintenance function, since it is maintenance that creates 
(assures) the availability and reliability of the production process.  However, it 
can be very difficult to assess the maintenance impact on strategic goals, because 
most of the effect of maintenance can be found outside the maintenance function, 
in other work areas of the company.   

In addition to influencing short-term availability and reliability, maintenance 
also affects product quality, service level and Life Cycle Cost (LCC).  
What is essential in making the production and maintenance process work 
smoothly is the availability of relevant information for decision-making and 
follow-up, Figure 3.  

Overall 
Management

Production 
Process

Maintenance

Production outputProduction input

Information flow

Output 
•Product quality
•Service level
•LCC
•Etc

Input 
•Raw  material
•Man Hour
•Spare parts
•Money
•Etc

Corporate
strategy

Figure 3. Integration of maintenance and production processes 
 

However, maintenance can usually be conducted in several ways, see for 
example Al-Najjar and Alsyouf (2003), and if a company wants to be successful 
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in its striving for reaching its strategic targets it must select and plan the 
maintenance carefully, considering other related working areas such as 
production, quality and life cycle costing, Sherwin (2000). Consequently, several 
authors have described maintenance as being an integrated and coordinated part 
of the production process, see for example Gits (1992), Al-Najjar (1997), 
Jonsson (1999), Mouss et al. (2003) and Pinjala (2006). Gits (1992) referred to 
maintenance as a secondary input into the production process but we prefer not 
to distinguish between primary and secondary input as long as the input is 
required for reaching the business goals. Consequently, all required inputs, 
regardless of whether they consist of raw material, machines, maintenance or 
information, should be treated in the same manner. The impact should also be 
measured in the same way, including both cost and benefits. 

Maintenance 
In standard EN 13306:2001 Maintenance Terminology, maintenance is defined 
as the “[c]ombination of all technical, administrative and managerial actions 
during the life cycle of an item intended to retain it in, or restore it to, a state in 
which it can perform the required function”.  Ideally, it is an integrated and 
coordinated part of the production process, Gits (1992) and Jonsson (1999). In 
TQMain the definition of maintenance is expanded into a means to maintain the 
quality of all the elements involved in a production process, Al-Najjar (1996) 

Maintenance can, depending on the technical environment, be carried out in 
several ways. In the next section some commonly used maintenance approaches 
are described.  

Maintenance approaches 
There are many different maintenance approaches, i.e. philosophies, strategies, 
methodologies and policies, described in the literature, see for example Dekker 
(1996), Al-Najjar (1997), Sherwin (2000), Waeyenbergh and Pintelon (2002).  
One common way to classify maintenance is based on the technique used and its 
main purpose: 

Failure Based Maintenance (FBM), where maintenance actions are initiated 
by failures and the main objective is to put the equipment back to working 
conditions as fast as possible. FBM may be motivated in some cases, but usually 
the costs associated with this approach are considered to be high, Pintelon and 
Gelders (1992), Al-Najjar (1997) and Kelly (1997).  

Preventive Maintenance (PM), where maintenance is planned and optimised 
using statistical methods with the main objective of reducing the number of 
failures and their economic consequences. Several authors have written papers 
on different methods for optimising PM, see for example Dekker (1996) for a 
discussion about different optimisation models and their application.  There have 
been reported problems also associated with this type of model, see for example 
Mann et al. (1995), Dekker (1996), Mann et al. (1995) and Al-Najjar (1997). 

Condition Based Maintenance (CBM), where the objective is to determine the 
best time for intervention by monitoring the condition of the component, thereby 
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utilising as much as possible of its life and at the same time avoiding 
unnecessary stops because of maintenance, Tsang (1995), Al-Najjar and Wang 
(2001).   

There are also other approaches to planning and organising maintenance 
work, of which two of the best known are Total Productive Maintenance (TPM) 
and Reliability Centered Maintenance (RCM). TPM, introduced by Nakajima 
(1988), is a concept for maximising the effectiveness of equipment by reducing 
production cost and increasing productivity. Working in small groups for solving 
problems and operator-based maintenance are key features in TPM. There are 
many implementations of TPM, for example Ireland and Dale (2001), Ferrari et 
al. (2002) and Ahuja and Khamba (2007). RCM is another approach used in 
maintenance with the aim of finding the best maintenance for each significant 
component and of scheduling maintenance activities, Nowland and Heap (1978), 
Moubray (1997), Fonseca and Knapp (2000) and Rausand (1998).   

In addition to these, there also exist other approaches in maintenance such as 
LCC-based Terotechnology, developed in the UK during the 1970s. 
Terotechnology is concerned with a product/equipment life cycle from 
specification and design to replacement as a means of decreasing the life cycle 
cost. The importance of feedback to the designers in order to improve the 
performance of the next generation of equipment is stressed, British Standard 
Institute (1993) and Sherwin (2000a). Kelly (1997) describes an approach for 
developing maintenance strategies based on the company’s business objectives. 
The focus is on having maintenance contributing to company profitability, 
Waeyenbergh and Pintelon (2002).  

In Total Quality Maintenance (TQMain) the role of maintenance is defined as: 
“a means for detecting and controlling  the deviations in the condition of a 
production process, such as damage causes and initiation, damage developing 
mechanisms and potential failures, production costs, working environment and 
product quality in order to interfere when it is possible to arrest or reduce 
equipment/component deterioration rate before the process condition and 
product characteristics are intolerably affected and to perform the required action 
to restore the equipment/process or a particular part of it to as good as new”, Al-
Najjar (2007). TQMain is based on a development of Deming’s Plan Do Check 
Act (PDCA) cycle for improvement, where the improvements are instantiated by 
significant deviations in the condition of components instead of failure, Al-
Najjar (2007) and Sherwin (2000).  

The technical and financial impact of maintenance 
Because of the great importance of maintenance for companies in reaching their 
goals it is essential to put maintenance in its strategic context.  

First, all companies need to have a well defined business idea specifying the 
purpose of the operations, what they should deliver to their customers and why. 
They also need a vision, pointing out the direction for the future. From this 
vision long-term and short-term goals are developed on different levels. A 
strategy for how to reach these goals is then required. At the business level there 
exist in a sense two opposite perspectives on strategy, the outside-in perspective 
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and the inside-out perspective, based on different assumptions of what criterion 
is most important for creating a successful company.  The outside-in perspective 
is market-driven, the positioning of the company being the clue to be profitable 
and successful, see for example Porter (1985) and Jaworski and Kohli (1993). 
The inside-out perspective, on the other hand, takes rather the opposite 
standpoint, involving the strengths and capabilities, including the competence, of 
a company that create its success on the market. Prahalad and Hamel (1990), for 
example, stress the importance of competence, and Stalk and Evans-Clark (1992) 
argue for a capability-based perspective. However, authors representing both 
perspectives realise the importance of resources and of maintaining and 
improving the performance of these resources. Maintenance deals with the 
operational effectiveness of a company’s production resources and, 
consequently, maintenance is important for creating profitable and prosperous 
companies. Al-Najjar (2007) argues that this aspect is essential regardless of the 
strategy perspective.  There are also several studies that show the impact of 
maintenance on the company strategic level, Swanson (2001) and Mitchell et al. 
(2002), Pintelon (2006) and Pinjala et al. (2006).  

All activities in a firm should be performed to fulfil the company’s overall 
strategic objectives, including maintenance activities. This requires models that 
link maintenance actions and decisions to business strategy. For this purpose 
Komonen (2002) presents a system of key figures showing the maintenance 
impact on different levels in the company. At the top there are external business-
oriented objective variables, e.g. production costs, which represent the strategic 
goals of a company.  Next in the hierarchy of key-figures are internal objective 
variables for maintenance, e.g. maintenance cost divided by production, and 
maintenance cost divided by equipment, which are measures of the effectiveness 
of maintenance. Third in the hierarchy are exogenous variables, such as the 
amount of machinery, and the utilisation rate.  Next are the intermediate internal 
objective variables, e.g. MTBF and MTTR, performance indicators that help a 
manager to reach the internal objective variables. Then there are action variables 
of maintenance, e.g. the percentage of PM and CBM, and internal explanatory 
variables, e.g. material cost and unit labour costs, used to monitor how 
maintenance is performed. Models based on balanced scorecards have also been 
used to capture and describe the maintenance impact on different levels, for 
example Tsang (1998), Alsyouf (2006) and Parida and Chattopadhyay (2007). 

An important aspect to consider when discussing the technical and financial 
performance of maintenance is its impact on life cycle cost. According to 
Fabricky and Blanchard (1991), the product or system life cycle can be divided 
into the following phases: (1) conceptual/preliminary design, (2) detail 
design/development, (3) production and/or construction and (4) product 
use/support/phase-out/disposal, see Figure 4. The life-cycle cost (LCC) is then 
the total cost for the system over all the phases of its life cycle. In the same way, 
the life-cycle profit (LCP) is the profit generated by the system during its life 
cycle. This reasoning is also valid for a machine in a production system or for an 
entire production system. 
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Figure 4. Life cycle phases of production equipment 
 
During the acquisition phase all the technical specifications of a system are 

set, and this will determine the technically applicable maintenance policies that 
can be chosen from during operation. This is important to consider because, 
according to Kelly (1997), the cost of maintenance can be much higher than the 
capital cost itself.  Consequently, maintenance must be considered during the 
acquisition phase.  Maintenance decisions have an effect on LCC during 
operation as well, see for example Waeyenberg and Pintelon (2002), Al-Najjar 
and Alsyouf (2004) and Kim et al. (2004). 

Methods for selecting what maintenance policy to use 
Traditionally, maintenance has been about repairing or changing components 
and equipment and planning these activities, all on a tactical level. However, 
Tsang et al. (2002) identified four strategic dimensions in maintenance decisions: 
Service delivery options, Organisation and work structuring, Maintenance 
methodology, and Support system. Looked in this way, maintenance and 
maintenance decisions are also about e.g. designing facilities and the knowledge 
required of the work force.  

One very important decision is about what maintenance policy to use. 
Selecting the proper maintenance approach for each component is required 
because components have different technical characteristics and the failure 
consequences may be different, Moubray (1997), Azadivar and Shu (1999). By 
selecting the most appropriate maintenance policy the company will avoid 
premature replacement costs, maintain stable production and prevent the 
deterioration of the production system, Vineyard et al. (2000). Consequently, 
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because of its importance, many different methods that assist in selecting the 
appropriate maintenance policy for a certain component have been developed. 

One group of models for selecting maintenance involves the various methods 
for optimising preventive maintenance, see for example Murthy and 
Asgharizadeh (1999), Sherwin (2000) and Wang (2002). Using these 
probabilistic methods the maintenance cost is optimised by calculating intervals 
between maintenance. Each of these methods could handle only one type of 
maintenance policy. Al-Najjar (1999) developed a graphical maintenance 
optimisation method that could be used to optimise and compare different types 
of maintenance policies on the basis of their cost-effectiveness. Maintenance 
optimisation methods require historical failure data. 

Another group of methods is based on multiple criteria decision-making 
(MCDM), see for example Bevilacqua and Braglia (2000), Al-Najjar and 
Alsyouf (2003), Mechefske and Wang (2003) and Labib (2004).  By using these 
models it is possible to systematically select a maintenance policy based on a 
finite set of criteria weighted according to their importance. Each alternative is 
then assessed by these criteria. 

Reliability Cantered Maintenance (RCM) is defined as a methodology to 
determine what must be done to ensure that the asset continues fulfilling its 
intended functions in its present operating context, Moubray (1997). RCM 
depends on the availability of failure data, analysis methods and operating 
experience to achieve its target, Sandtorv and Rausand (1990). Srikrishana et al. 
(1996) reported that RCM has implementation difficulties due to the 
unavailability of plant failure data. The greatest disadvantage of RCM is its 
complexity, and analyses within RCM quickly become very complex, 
Waeyenbergh and Pintelon (2002).  

Although it is possible to find approaches in scientific journals to selecting 
maintenance, Alsyouf (2004) showed in a survey among Swedish industries that 
it is the companies’ own experience and knowledge that are mostly used when 
selecting maintenance. Because of the complex nature of maintenance, decisions 
and planning often require data not only on maintenance but also on other 
working areas, Al-Najjar (1997), Sherwin (2000a), and Kans (2005). 

Continuous cost-effective improvements in maintenance 
Like all activities in a company maintenance is subjected to a changing world. 
Examples of changes are developments in production and maintenance 
technology, increased competition and increased customer demands. This makes 
it necessary for companies to continuously and cost-effectively improve the 
maintenance performance.  

Continuous improvements form a central part of Total Quality Management 
(TQM), see for example Oakland (2003), and are also incorporated in the ISO 
9000 quality system standard, see for example Seaver (2001).   

To be successful continuous improvements must be performed in a structured 
way and aim at reaching company strategic goals and always having customer 
demand in focus. To ensure that the improvement activities always aim in the 
right direction TQM and other improvement concepts like Six Sigma emphasise 
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the need for measuring and gathering data, Oakland (2003) and Magnusson et al.  
(2003).  

A common method for continuous improvements is the Plan-Do-Check-Act 
(PDCA) improvement cycle, also sometimes referred to as the Plan-Do-Study-
Act (PDSA). These methods were developed by Walter A. Shewhart and W. 
Edwards Deming, Bergman and Klefsjö (2001). Usually, the improvement 
process is initiated by the occurrence of a problem. Al-Najjar (1997) suggests 
that instead of waiting for a failure or problem to occur, the improvement cycle 
should be initiated by significant deviations in observed condition monitoring 
parameters, thereby preventing the occurrence of severe problems and avoiding 
more financial losses.  

Systematic improvement always requires the availability of relevant 
performance data to tell if there is a problem or potential for improvement. Data 
is also required during the analysis of a problem, when evaluating alternatives 
for improvements and, finally, for following up the implemented improvements, 
see for example Bond (1999), Al-Najjar (2000) and Oakland (2003).  

To be able to continuously improving maintenance an adequate maintenance 
information system is needed, providing production and maintenance managers 
with relevant information regarding the performance and impact of maintenance 
in the relevant working areas. 

Effective maintenance management requires a well integrated maintenance 
information system that supports cooperation and holistic decisions, Al-Najjar 
(1997), Sherwin (2000a) and Kans (2005).  

On the market there are many software packages, or computerised 
maintenance management systems (CMMS), dedicated to maintenance 
management. These packages typically include functionality for spare parts 
management, failure reports, sometimes also functionality for reporting OEE, 
Kans (2005). There are also modules aimed at maintenance management 
included in several ERP systems which can handle failure data, capacity 
measures and OEE. However, many of the existing systems for maintenance 
management have their drawbacks, generally a lack of functionality for reporting 
maintenance performance and decision support, Pintelon (1997), Labib (2004) 
and Kans (2005).  Pintelon (1997) and Tu et al. (2001) have presented models 
for maintenance management systems that recognise the financial aspects of 
maintenance.  

In addition to these more or less general models, which are useful regardless 
what type of maintenance is adopted, there also exist several different 
applications that are dedicated to supporting a certain maintenance approach, see 
for example Pujadas and Chen (1996), Wilmeth and Usrey (2000) and Fonseca 
and Knapp (2000) for systems intended to be used in RCM, and Tsang (1995) for 
systems to be used in CBM.  

Accurate decision and planning in maintenance require relevant high quality 
data from several working areas, such as production, quality and finance, Al-
Najjar (1997), Pintelon et al. (1999) and Sherwin (2000a). To provide 
maintenance managers with the required data for planning, following up and 
continually and cost-effectively improving maintenance, the concept of a 
common database was developed by Al-Najjar (1996) as part of TQMain. This 
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concept was tested in case studies at Stora Enso Hylte AB, see Paper IV. The 
purpose of the common database is to have all data relevant for maintenance 
management easily accessible. Different applications for maintenance 
management can then utilise this data and this way make maintenance 
performance monitoring, the analysis of deviations, problems and possible 
solutions and follow-up more consistently. The concept of a common database 
was further defined by Kans and Ingwald (2008), see paper V in this thesis.   

Measures for maintenance performance 
All activities in a firm should be conducted to fulfil the company’s overall 
strategic objectives, including maintenance activities. Consequently, 
maintenance performance measuring is an essential part of the maintenance 
management information system. This requires models that link maintenance to 
business strategy. It is also a question of whether maintenance performance 
should be measured by technical or financial measurements. A disadvantage 
mentioned regarding financial measures of maintenance performance is that they 
are lagging indicators, meaning that they are available late, Caplice (1995). Other 
problems mentioned with financial measurements are that they are usually too 
aggregated and too distorted, for example Tsang et al. (1999). On the other hand, 
if using only technical measures it can be very difficult to compare alternatives, 
e.g. in a decision situation, and also to translate technical measures into money, 
Caplice (1995) and Moore and Starr (2006). Kaplan (1993, 2007), for example, 
suggests the balanced scorecard concept, which considers both financial and 
nonfinancial measures, and several approaches for measuring maintenance 
performance inspired by balanced scorecard have been developed, among others 
see Tsang et al. (1999), Alsyouf (2004) and Parida and Chattopadhyay (2007). 
By applying a balanced scorecard approach more aspects that have an impact on 
maintenance performance are considered. Both the system of maintenance 
indicators presented by Komonen and several of the models based on balanced 
scorecards attempt to link performance measures to each other and also to the 
company’s strategic goals.   

Komonen (2002) also presents a system of key figures that links maintenance 
to the strategic goals of a company and considers many aspects of the 
maintenance impact. According to Komonen’s hierarchical model, there are at 
the top external business-oriented objective variables, e.g. production costs, 
which represent the strategic goals of a company.  Next in the hierarchy of key-
figures are internal objective variables for maintenance, e.g. maintenance cost 
divided by production, and maintenance cost divided by equipment, which are 
measures of the effectiveness of maintenance. At the bottom of this hierarchy are 
action variables, e.g., the percentage of PM and CBM, and internal explanatory 
variables, e.g. material cost and unit labour costs used to monitor how 
maintenance is performed. This hierarchy links the financial impact of 
maintenance on the strategic level with actions taken at the operative level. The 
model has been used first to investigate causalities between independent 
variables, e.g., the integration level, the amount of production equipment, shift 
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work rate, and dependent variables, e.g. maintenance cost and material cost, and 
then as a benchmarking tool.  

What is also stressed by many authors is the importance of starting with the 
company’s overall strategic objectives when developing measures and then 
identifying what data to collect, see for example Lynch and Cross (1995 p. 204), 
Tsang et al. (1999) and Kans (2008).  

Sherwin (2000a) argues that it is the maintenance contribution to LCP that 
must be measured, in the same way as other company functions. Furthermore, 
according to Sherwin (2000), in most of today’s IT solutions much of the 
contribution to company strategic goals from maintenance is distorted by the 
effect from other departments such as production and marketing. However, 
because the effect of maintenance can be found spread over many working areas 
such as production, quality and tied-up capital, the data required for measuring 
maintenance performance is spread among several systems and databases in a 
company. Data from administrative IT systems, industrial IT systems and also 
non-automatic sources must be collected. In some companies most of the data 
may be found in large corporate IT systems, but mostly data are spread among 
different databases and maybe also geographically. This diversity of data sources 
often leads to data-heterogeneity problems, Toussaint et al. (2001).  

What is also important when discussing performance measurement is that 
because the environment in which performance measurement systems are used is 
constantly changing and the goals of the companies are consequently changing, 
too, it is essential that they are reviewed regularly in order to ensure that they are 
in phase with the company’s strategic goals, see for example Najmi et al. (2005).  
 

24 



Technologies for better utilisation of 
production process resources 
In this chapter the results from the research are presented. The organisation of 
the chapter is illustrated in Figure 5. First (Number 1 in Figure 5), the 
capabilities of well known approaches in maintenance and in maintaining and 
improving production process performance are assessed. Next (Numbers 2, 3, 
and 4 in Figure 5), the elements required for the continuous and cost-effective 
improvement of the economic impact of maintenance are introduced. Then 
(Number 5 in Figure 5), there is a section regarding IT maturity within 
maintenance management. This section is placed there because IT maturity is 
important when discussing the use of IT systems and thereby it is related to 
several of the research questions.  Last in the chapter there is a section where the 
different parts (Numbers 2, 3, 4 and 5 in Figure 5) are put together in the context 
of continuous and cost-effective improvement of maintenance performance.    

Continuous and cost-effective improvement of maintenance economic impact

Technologies for better utilisation of 
production process resources

1. Capabilities of current approaches, i.e. TPM, RCM, Six Sigma and 
TQMain in maintaining and improving production process performance

3. Access 
to relevant 

data

4. Methods for assessing the 
economic importance of 

maintenance and 
methods for indicating where 
and how much to invest in 
maintenance improvement

2. Tools and methods for 
selecting what maintenance 

policy to use

5. IT maturity

Figure 5. Technologies for better utilisation of production process resources 
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Capabilities of different approaches in maintaining and 
improving production process performance 
In this section results related to the first research question, How can different 
approaches intended for maintaining or improving production process 
performance assist in the identification, analysis, elimination and prevention of 
recurrence of problems in a production process, are presented.  

There are several characteristics of an approach that determine this ability and 
some of them are related to how information is produced and utilised. In relation 
to maintenance, relevant and reliable information is required among other things 
to:  

 
Detect problems.  To be able to suggest solutions to problems, they must 

first be detected. The earlier the better, the best being if 
it is possible to detect initiations to problems, i.e. 
damage initiation that can lead to a failure. By doing so 
it is possible to avoid unnecessary costs. 

Analyse problems In order to find the consequences of and trace the root 
causes behind problems the investigator needs to have 
enough relevant information at hand  

Eliminate problems  The elimination of problems usually requires relevant 
information. The technical applicability and cost 
effectiveness of solutions must be judged. This is done 
using information. 

Prevent recurrence In order to prevent the recurrence of problems relevant 
information about problems is needed. The suggested 
and implemented solutions must be monitored in order 
to see if they are really cost-effective. 

 
In Paper I we review the capabilities of Six Sigma, TPM, RCM and TQMain 

in these areas, on the basis of a literature review.  Although these approaches are 
successfully implemented in many cases, we identify shortcomings in these areas 
among TPM, RCM and Six Sigma.  

TPM and RCM are well known approaches in maintenance; however, neither 
of these approaches fully utilises the possibilities offered by condition 
monitoring (CM) techniques to detect problems and to gather data required for 
analysing the causes behind problems. Furthermore, as far as eliminating 
problems, these approaches both have a mostly technical view of maintenance 
and because of that it will be impossible to select the most cost-effective 
solution. As regards preventing the recurrence of problems these approaches 
suffer from not fully utilising CM. Additionally, these approaches do not deal 
with how to access relevant data required for improving maintenance 
performance.   

Six Sigma is not a maintenance approach; it is a structured process 
improvement methodology. This means that it is not well suited for detecting 
problems. However, when there is a problem it is possible to use its tools and 
structured approach to analyse the problem to find the root causes and suggest 
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solutions to the problems. Since it is really not a maintenance approach and does 
not fully consider maintenance as a means, it is not a proper approach for 
preventing the recurrence of problems. How to access the required data is not 
covered in Six Sigma. 

TQMain is well suited for detecting problems and also for analysing problems 
in order to find root causes. It is based on utilising CM techniques where it is 
most cost-effective. This will both make it possible to detect problems at an early 
stage and when there is a problem there is data available for analysing the 
problem to find the underlying cause. Furthermore, in TQMain the use of a 
common database is advocated to make necessary technical and economic data 
accessible when making maintenance decisions. In TQMain maintenance cost, 
savings and losses are considered.     

The identified shortcomings in TPM, RCM and Six Sigma can be related to 
the fact that the approaches do not utilise enough relevant information and 
information systems and that mostly technical aspects of maintenance are 
considered in these approaches.  
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Selecting and improving a maintenance policy using cost-
effectiveness 
Studies reveal that maintenance is still basically selected on the basis of technical 
matters, such as availability, reliability, quality, etc. Furthermore, current models 
and methods in this area are to a great extent based on technical aspects of 
maintenance. 

In Paper VII a review of current methods and models for deciding on what 
maintenance policy to use is presented. This review reveals several deficiencies 
that can be found in current models. Furthermore, previous studies show that in 
Swedish industry maintenance is selected on the basis of the companies’ own 
experience and knowledge. An interview study presented in Paper VII supports 
this and also reveals that the selection of a maintenance policy in many cases 
may be made without using any structured documented approach. 

In Paper VII a model for selecting maintenance on the basis of cost-
effectiveness is developed and presented. The selection is based on the technical 
analysis of the current situation regarding the failing component and an 
organisational and technical analysis regarding the current maintenance of the 
component. The analysis reveals characteristics of the mechanisms leading to 
failures and characteristics of the used maintenance policy with regard to finding 
areas where improvement of the maintenance policy is needed. When the 
analysis is performed, technically viable maintenance policies are identified that 
should be able to handle the identified deficiencies of the current policy. By 
using current and expected performance the alternatives are then evaluated on 
the basis of cost-effectiveness. The model can be seen in Paper VII.  

 
In the following the elements of the model are presented:  

 
(1) The selection process is initiated at need when, for example, due to 

deviations in any of the significant monitored maintenance-related technical or 
economic factors, such as maintenance direct cost, savings, investments, 
maintenance losses, maintenance profit and production losses. The maintenance-
related economic factors in the production process that are  monitored for 
detecting changes in the performance of maintenance include the number of 
stoppages, average stoppage time, short stoppages and quality rate. In addition to 
these, other relevant factors may also be monitored, such as direct maintenance 
cost and penalty costs for delayed delivery.  

 
(2) When it has been determined what to improve, a technical and 

organisational analysis of the problem is required to describe what is causing the 
deviation in performance. This analysis should cover: 
- type of component  
- damage causes and initiation  
- damage development mechanisms  
- failure mode and consequences 
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- whether it is possible to detect the changes in the component condition  
- organisational aspects, (organisation, level of experience, etc.) 
- etc. 

The output of this technical analysis is to be utilised when identifying 
weaknesses in the current maintenance policy, determining other technically 
viable alternative maintenance policies and also as one input when developing 
weights and criteria to be used in Fuzzy MCDM, see Step (5). 

 
(3) An analysis of the maintenance policy currently being applied for the 

component of interest should be made. The purpose is to identify and describe 
weaknesses that can explain why there are problems when using the current 
maintenance policy. The result from this analysis is to be utilised when 
identifying alternative maintenance policies and also in Fuzzy MCDM analysis, 
see Step (5).  

 
(4) By making use of the information gathered during the analysis of the 

problem, Step (2), and of characteristics and performance of the current 
maintenance policy, Step (3), alternative maintenance policies are determined. 
These policies should have the same technical characteristics as the current one 
and, in addition, also cover some of the weaknesses of it.  

 
(5) The different possible alternatives now need to be compared. First, the 

characteristics of the possible alternatives including the current maintenance 
policy should be assessed and compared by means of Fuzzy MCDM, as 
described by Al-Najjar and Alsyouf (2003). The criteria employed in the MCDM 
analysis are given a weight, from zero to one, based on the result of the technical 
analysis performed in Step (2). Next, the fuzzy inference engine of the model is 
used to assess the ability of each technically feasible maintenance 
policy/strategy.  When this is done, a sensitivity analysis should be applied to 
investigate the solution sensitivity to small changes in the weights of the criteria.  

In this step the expected performance of each alternative should also be 
assessed. If there is a current maintenance policy, data from the measurement 
system should be utilised. For the possible alternatives, the characteristics 
assessed by means of Fuzzy MCDM can be used to estimate the performance. 
The performance should be estimated by measurements from the current 
measuring system, e.g. the number of stoppages per stoppage cause, the number 
of short stoppages and the amount of bad quality production. GTTT-plot can be 
used to distinguish the most cost-effective policy and also, in the case of 
applying CBM, to estimate the most cost-effective replacement level. For 
estimating the performance of alternative policies/techniques performance 
(failure) data regarding identical components involved in similar conditions may 
also be taken into consideration.  

The decision of when to intervene is essential for the performance of 
maintenance. This decision depends on the ability of the current maintenance 
policy to provide and employ relevant information about factors affecting the 
condition of the component of interest in an effective way.  In a maintained 
system the condition and life-length of components depend on three groups of 
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factors: the operating and environmental condition, the quality of surveillance 
and maintenance activities and the use time. From these the criteria to be applied 
in Fuzzy MCDM for comparing the different possible maintenance approaches 
were developed, Al-Najjar and Alsyouf (2003). Data that is necessary for this 
step is of two kinds, for determining the characteristics of the maintenance 
policies and for assessing the performance of the maintenance policies. For 
assessing the characteristics data on the following is required: mode of operation 
(continuous or intermittent), load (high or low), speed (high or low), operating 
temperature, humidity, radiation, ambient temperature, dirt in the surrounding, 
lubricant quality (specifications), lubricant temperature, service quality, 
consistency of component quality and availability of product quality data. For 
assessing the performance of the different maintenance policies data regarding 
the following is required: Stoppages, short stoppages, quality and cost-
effectiveness. 

 
(6) A benefit/cost analysis should be calculated for each alternative in order to 

assess its cost-effectiveness, considering the savings that can be earned because 
of improvements in maintenance performance and the cost of investing and using 
a new or improved maintenance policy. Investment in training and the 
development of organisation should also be considered, if appropriate. 

 
(7) The most cost-effective alternative should be implemented. 
 
(8) When the implementation is made, the technical performance of 

maintenance and factors related to the economy should be followed up to verify 
the assessed benefit/cost from Step 6.  

  
(9) The last step in the selection/improvement process is to institutionalise and 

document the implemented maintenance policy. 
 
The suggested model is developed for general application in the sense that it 

could be used for selecting among any type of maintenance policies on the same 
basis of cost-effectiveness. For more details see Paper VII. 
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Methods to access relevant data required for cost-effective 
decisions in maintenance 
Maintenance is by its nature complicated to manage in a cost-effective way, 
because its impact can be found in several working areas of the company. 
Furthermore, the effect of maintenance can also be found in all phases of the life 
cycle. Consequently, methods and systems for accessing relevant data showing 
maintenance impact are important for maintenance management. Both EcoCon 
and BETUS, described in the previous sections, rely on the availability of 
relevant data.  

In Paper III a conceptual database for maintenance management is developed, 
and in Paper V the concept of a common database for cost-effective 
improvements of maintenance performance is further defined and exemplified. 

A database model for monitoring and assessing the impact of 
maintenance 
In this section a database model for monitoring and assessing the financial and 
technical impact of maintenance is presented. More details regarding this 
database model can be found in Paper III. 

The database model was developed on the basis of two case studies. In the 
first case study a model showing the links between maintenance actions and their 
financial results was developed. Data collected and analysed was limited to 
stoppages of mechanical components monitored by vibration on one of four 
paper machines. What was notable was that the vast majority of the data required 
for applying the model was available at the company’s computerised databases. 
Therefore only a few parameters had to be estimated. The main result of 
applying this model was that it highlighted the maintenance savings and profit 
that one paper machine had achieved annually (4 and 3.6 million SEK, 
respectively). Based on the above-mentioned case study a conceptual model for 
monitoring and assessing the technical and financial impact of maintenance on 
production systems (BETUS) was developed. BETUS is described in an earlier 
section.  

In the conceptual model the following three categories of financial factors 
have been defined:  

1. Maintenance costs, savings and profits: functions required for showing 
the effect of a more efficient maintenance policy.  

2. Potential savings: functions to view the financial losses of the overall 
production process, here denoted by potential savings as long as it is 
possible to recover them by means of more efficient maintenance policy.  

3. Investment decisions: by analysing the functions in the above-mentioned 
categories, the management can decide about where, why, and how much 
should be invested in maintenance. An additional case study was 
conducted at Stora Enso Hylte AB, whose aim was to analyse the use of 
the present IT systems in maintenance and production control and to 
study the expected environment where BETUS would be applied. This 
case study showed that the way of describing the company business 
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relation to maintenance by translating the technical impact of 
maintenance into financial measures is not available in the IT systems 
used today and that it is possible to adapt the conceptual model of 
BETUS into a computerised decision support system (DSS). Further, the 
DSS can be integrated into the current IT systems without any major 
technical problems. 

 
The database model of BETUS does not describe a traditional 

planning/execution-centred view of maintenance. We have instead chosen to 
regard maintenance as an integrated part of the production process. Furthermore, 
we have tried to describe the factors of influence that are found in the life cycle 
of a machine or equipment, see Figure 6. 

investment  
expense

 
Figure 6. Conceptual database model of BETUS  

 
One of the purposes of maintenance is to prevent or reduce the number of 

shorter or longer stoppages that occur in a system. In Figure 7 the relationship 
between system, stoppage, maintenance actions and maintenance (policy) is 
reflected in the statements involving that STOPPAGE gives rise to 
MAINTENANCE ACTION and that MAINTENANCE ACTION is made on 
SYSTEM, where the type of maintenance action is dependent upon the 
maintenance policy used for a particular system.  

This is reflected in MAINTENANCE (policy) determines MAINTENANCE 
ACTION.  In this way, all direct maintenance costs related to a particular policy 
could be found, as well as the total time used for maintenance actions connected 
to this policy. 
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Figure 7. Relationship between maintenance, stoppage and system  
 
The planned maintenance time could be compared with the accumulated real 

maintenance time found in MAINTENANCE ACTION in order to follow up the 
maintenance planning. For showing the real impact of maintenance on company 
profitability maintenance savings can be used. The maintenance savings are real 
savings that were made by the company by applying a more effective 
maintenance policy, see Figure 8. The detailed stoppage data allows determining 
whether stoppages are planned, unplanned or unplanned-but-before-failure-
replacements. 

Figure 8. Maintenance, costs, investment and activity 
 

The productivity and the profitability of the production process are directly 
affected by how well maintenance succeeds in preventing all types of stoppages. 
The direct and indirect costs of maintenance are captured in the 
MAINTENANCE COST entity. 
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Figure 9. The production process 

 

PRODUCTION SYSTEM

PRODUCT

is made
on

PREPARATION 

dependent

is made
according to

is made
through

real production
time variable cost

selling price

planned
quantity

real
quantity

bad quality

due to
insufficient

maintenance

product type theoretical
cycle  time

real cycle
time

1

M

1
1

M
M

M

1

planned 
production time

is 
on

 
In producing industries the system often consists of manufacturing equipment. 

The time it takes to produce one piece of a particular product is dependent on the 
product and the machine producing it. This relationship is captured in the 
product preparation. The theoretical and real cycle time together with the short 
stoppages gives us the performance of the system, while the amount of bad 
quality produced gives the quality rate. By tracking the theoretical and real 
production time of items and the number of stoppages, the performance 
efficiency and availability of the system will be known. Availability, 
performance efficiency and quality rate could be included in OEE calculations, 
which can be converted into financial impact by using the other available data 
from production, see Figure 9. 

Common database for cost-effective improvement of maintenance 
performance  
In Paper V a common database is presented for the cost-effective improvement 
of maintenance performance based on information requirements for the 
monitoring and improving maintenance performance. The goal of the common 
database is to integrate plant operations for maximum economy. More 
specifically, a common database for maintenance purposes may be defined as a 
descriptive database model of all relevant data needed in order to support a 
holistic perspective on maintenance. The data that constitutes the common 
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database comes from different IT systems, while IT systems integration may be 
one way to realise the common database. 

What is most important in the common database is that the data is relevant to 
the intended purpose, and in order to ensure that the collected data supports cost-
effective decisions in maintenance the design should follow certain principles:  

I. Principle one: The identification of the variables to be measured, 
monitored and saved should be achieved by using backwards 
analysis. 

II. Principle two: The data gathered should be able to provide a 
possibility for developing a reasonably holistic view of the rapid 
technical and economic mapping of the situation. 

III. Principle three: The database should not be too big to enable the easy 
management of the data and make it cost-effective. It should 
primarily focus on the most essential measurable variables that can 
provide a possibility for covering a relatively wide spectrum of the 
situation contents. 

IV. Principle four: It should be built up to provide possibilities for 
applying cost-effective continuous improvement. This is why it is 
quite important to design it with respect to flexibility and 
changeability. 

V. Principle five: It should acquire a dynamic interface with the user, 
enabling the company to enhance its contents and structure at need. 

 
An example of an application using the common database as its foundation is 

BETUS - a decision support system model for monitoring and assessing the 
technical and financial impact of maintenance, as described in Paper IV and in 
the next section. BETUS was chosen as an example because it is an IT tool that 
enables a cost-effective improvement of maintenance performance, it adopts a 
holistic perspective on maintenance, and the database supporting BETUS was 
developed from of the common database concept. 

Common database

Enterprise databases Data

Raw data

Aggregated data 
deaggregated data

Estimated data

BETUS

Function categories

Assessing relevant cost factors

Assessing relevant performance measures

Analysis of investment alternatives

Figure 10. Conceptual view of BETUS. 
 
The implementation of BETUS rests on a common database that gives reliable 

access to all relevant data in time and in the correct format, regardless of their 
origin. Applying the common database concept makes it possible to access a 
more correct view of the situation in the production by data integration and thus 
obtain a better basis for making maintenance decisions. 
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In realising the idea of a common database, methods and standards such as 
GERAM, CIMOSA, OSA-EAI and OSA-CBM, and IEC 62264 can be useful for 
describing the integration of maintenance and other functions in the enterprise 
and for sharing corporate data. Each method and standard has a slightly different 
focus compared with the others; therefore the integration of methods is 
important, such as the work driven by MIMOSA. 

Methods for measuring the technical and economic impact of 
maintenance 
The previous section was about how to select a maintenance policy on the basis 
of cost-effectiveness, and for this access to relevant data is very important. 
However, it is also essential to be able to measure maintenance performance 
correctly.  

Efficient maintenance management is, among other things, dependent on 
reliable and relevant systems showing the economic outcome of technical actions 
in maintenance.  There are several reasons why this ability is important, two 
examples being:  

1. highlighting the maintenance contribution to objectives set up in the 
overall strategy of the company business. If this is not done, the credit of 
achieving fewer breakdowns or a better product quality will probably be 
given to the production department, and 

2. checking that the selected maintenance policies are performing well or 
whether it is necessary to improve them or select other maintenance 
policies. This should be done as soon as performance deviation is 
detected in order to avoid unnecessary costs.  

Furthermore, it is important that the system can be used for predicting the 
outcome of planned actions or investments in maintenance. 

In this chapter models for measuring maintenance performance are presented. 
The results are connected to Paper VI and Paper IV, in which models for 
measuring maintenance performance and for assessing the technical and 
financial impact of maintenance on a production process are developed and 
described.  

System for monitoring the technical and economic performance of 
maintenance 
In this section EcoCon, a system for monitoring maintenance performance is 
described, see Paper VI. Every activity in a company, such as production and 
maintenance, should be carried out in order to reach the company’s strategic 
objectives. Consequently, the goals of maintenance should be aligned with the 
strategic goals of the company. These goals typically relate to the production 
process, e.g. technical availability and reliability. 

However, to find the true picture of the economic performance of 
maintenance it is necessary to use the LCP concept, because maintenance can 
affect cost and income during several stages in the life cycle of a product or a 
system. However, this is usually considered to be very complex. An alternative 
and easier approach is to assess the savings that have been achieved by more 
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efficient maintenance, such as saving due to reduced downtime and reduced 
scrap.  

EcoCon is based on a model developed by Al-Najjar (2007) describing 
qualitatively and quantitatively the link between an investment in maintenance 
and the technical and financial effect on the operative and strategic levels in the 
company. EcoCon relies on data regarding the performance of the production 
process but additional data regarding the impact on other parts of the company 
are also required. First, the technical impact of maintenance is identified, e.g. the 
reduced number of stoppages, short stoppages and reduced scrap. Next, the 
economic importance of changes in these technical measures needs to be found. 
If it is assumed that everything that is produced can also be sold, the profit 
margin may be used to assess the savings due to enhanced maintenance on the 
operative level. Last, other economic factors that can be related to the technical 
operative performance of maintenance need to be identified, for example 
insurance premiums, cost for late delivery, penalties due to accidents and direct 
maintenance cost. In this way all the maintenance-related economic factors are 
identified.  

In EcoCon the economic impact of maintenance is measured by monitoring a 
set of maintenance-related cost factors, denoted S1 to S14. The first four factors 
represent maintenance operative performance and are rather fixed, S1: changed 
cost due to changed number of stoppages, S2: changed cost due to changed 
average stoppage length, S3: changed cost due to changed short stoppages and 
S4: changed cost due to changed quality level. The economic factors, S5 to S14 
can in EcoCon be more freely defined by the user. The total economic impact of 
maintenance is then the sum of all the monitored maintenance-related economic 
factors. Crucial to the accuracy of EcoCon is that the maintenance-related 
economic factors S5 to S14 are carefully defined and really reflect the economic 
impact that is related to maintenance.   

A first prototype of EcoCon was developed in Excel and linked to MUR, a 
commercial system developed by Adductor for monitoring stoppages and short 
stoppages in machines. This first prototype was used to test the functionality of 
EcoCon using historical data from MUR stored in log-files. A conceptual view 
of the first prototype can be seen in Figure 11.  
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1. Monitoring maintenance 
performance
Financial  cha nges due t o: 
• Change d number of  

stoppa ges
• Change d ave rage 

stoppa ge ti me
• Change d number of  

short stoppages
• Change d quality leve l
• Etc.

Industrial commercial system for monitoring a 
production process such as MUR

Log files containing 
information regarding 
status of production 

system

EcoCon

2. Prioritising
3. Re port s

”User”
Ma nually entere d dat a 
re garding st oppage cost, 
classifi cation of 
“stoppages”, etc

Production process

- Automatically generated disturbance data
- Manually entered disturbance data

 
Figure 11. Conceptual model of EcoCon 

 
A second prototype of EcoCon, also developed in Excel, was developed and 

tested using real data from one case company. In this test only cost factors S1 to 
S4 were assessed due to the lack of data regarding other identified maintenance-
related economic factors. The result of the test was then discussed with the 
maintenance manager and even if it was a small test limited to only a few 
maintenance related cost factors it gave a new perspective on maintenance 
impact.  

The decision of what maintenance-related economic factors to monitor is 
crucial to the accuracy and usability of EcoCon. The system in itself allows for 
much flexibility, making it easier for a user to start and then develop the use, 
monitoring more maintenance related cost factors.  

Decision support system for monitoring the financial impact of 
maintenance 
In Al-Najjar et al. (2001) a model for showing the links between maintenance 
actions and their economic results was developed and described. Building on this 
model and on results from a case study, a conceptual model was developed with 
the purpose of being the base for a computerised decision support system for 
monitoring and assessing the financial impact of maintenance on company 
profitability (BETUS) Paper IV.   

 
BETUS provides information regarding economic factors to be used in 

maintenance management in the following three categories which are defined in 
the model:  

1. Maintenance costs, savings, and profits: These factors show what can be 
achieved by means of a more efficient maintenance policy.  
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2. Potential savings: These factors show the financial losses in the overall 
production process. They are denoted by potential savings as long as it is 
possible to recover them by means of a more efficient maintenance 
policy. 

3. Investment decisions: By analysing the factors in the above-mentioned 
categories, the management can decide where, why and how much 
should be invested in maintenance. 

 
For providing the output BETUS relies on data that is, to a great extent, 

already gathered and can be found in different databases in a company. The data 
is of three kinds; Raw data: data which can be gathered directly from the 
database at the company, Processed data: the data, which is a result of processing 
some data collected from the company by using predefined formulas, and 
Estimated data: data that is usually not available at the database of the company 
and should be estimated on the basis of other technical and financial factors. 
These data are estimated using company experience, database, mathematical or 
statistical relations. 

Included in the model is also a rule-based expert system that should help the 
user in finding the right measures when a financial factor or performance 
measure deviates from the normal. 

The system basically consists of three parts. First, the system itself with the 
logic for calculating economic factors and performance measures and the logic 
of the expert system (inference engine). Secondly, an interface towards other in-
formation systems for getting input data. Third, a human-system interface that 
can be made to fit into the ordinary computer environment at a company and 
thereby make it easy to work with for the user. In the human-system interface 
there is a possibility to enter data and thus simulate the outcome of different 
possible investments in maintenance. This enables testing different possible 
solutions and selecting the one that is most cost-effective.  

 
A preliminary study was made at Stora Enso Hylte AB in order to: 
1. Investigate the technical feasibility of BETUS, which was done through 

tracking the root sources of information parameters needed as input in 
BETUS from the company databases.  

2. Highlight whether this decision support system adds new functions 
which are not available in the current IT systems used in the case 
company and in equivalent production systems in general. 

3. Assess whether its implementation is a cost-effective investment. 
 
During the investigation it was found that most of the required data was 

already gathered at the case company and could be found in their different 
databases. Only very few input parameters were not gathered yet, and after 
analysis it was found that it was possible to estimate these without any great loss 
of accuracy. It is possible to start by entering any data by hand via the human-
system interface, if that is required, and later update the system to automatically 
obtain information parameter values from other data systems.  
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The result of the investigation can be summarised as follows: 
1. It is possible to adapt the conceptual model to a computerised decision 

support system. Further, it can be integrated into the current IT system 
without any technical problems. Different possible technical solutions 
were discussed and evaluated. 

2. The way of describing the relation of the company business to 
maintenance by translating the technical impact of maintenance into 
financial measures is not available in the IT systems that are in use today 
in the process industry. Consequently, BETUS adds a new desired 
functionality. 

3. BETUS provides the information needed for monitoring maintenance 
performance in order to continuously and cost-effectively improve its 
efficiency. Deviations in the process can be determined at an early stage 
and actions to correct the potential failure carried out to avoid big losses. 
By tracing the root causes, investments in maintenance could be made in 
order to eliminate these causes. This indicates that implementing 
BETUS will be cost-effective. 

 
The major conclusion that could be made as a result of the case study was that 

when applying BETUS it is possible to monitor maintenance and production 
financial factors, interfere when it is possible and enhance company profitability 
continuously and cost-effectively. 

IT maturity within Swedish industry 
In order to be able to take full advantage of the possibilities that different IT 
solutions for maintenance management give the organisation must have reached 
a certain IT maturity level. Paper II reports on a study regarding IT maturity in 
Swedish industry.  
 

IT investments Technology-
oriented 

Use-oriented Connected to 
actual needs 

Level of impact Operational Operational and 
tactical 

Operational, 
tactical and 
strategic 

IT goals Efficiency Effectiveness Cost-
effectiveness 

IT benefits Cost reduction Return on 
investments 

Return on 
investments in 
comparison with 
other 
alternatives 

Strategy 
support 

Reactive-
Preventive 

Preventive-
predictive 

Predictive-
proactive 

 Phase 1 
Introduction 

Phase 2 
Coordination 

Phase 3 
Integration 

Figure 12. Model for determining IT maturity within maintenance 
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The aim of the paper is to describe phases of IT maturity within maintenance 

and to explore how different aspects of production and maintenance vary with IT 
maturity level.  The model used for determining information technology maturity 
within maintenance can be seen in Figure 12. For example, the main IT goal for 
a company that has reached the first stage of IT maturity is efficiency, while 
cost-effectiveness may be the main goal for a company that has reached the third 
level of IT maturity, see Figure 14. A company that has reached the highest IT 
maturity level invests in IT to acquire good control of available resources and, as 
a consequence, reduced costs for carrying out maintenance. The company invests 
in IT on the basis of actual needs and the main IT goal is cost-effectiveness in 
maintenance management. IT is used to support predictive-proactive 
maintenance and the best maintenance alternative can be chosen. This company 
will have the highest return on the investment. 

To accomplish the aim of the study data from a survey regarding maintenance 
conducted during 2003 was used, see the section regarding respondents in the 
Methodology chapter. Questions in the survey regarding IT use, IT investments, 
Level of impact, IT goals, IT benefits and Strategy support were used, see Table 
2 and Appendix A. 

 
Table 2. Questions used in the survey regarding IT maturity 

Aspect Variables Note 
IT use IT4 a-l To determine IT maturity 
(a) General factors G4, G6, G7 and G9 
(b) IT investments M1 f 
(c) Level of impact M3, M1 s, G12 and IT5 
(d) IT goals M1 a, c, e, l-o, q-s and u 
(e) IT benefits PER1 h, i, j and m 
(f) Strategy support SM1 a-e and G14 

Characterising factors 

 
Using the data a cluster analysis was first performed on the twelve variables 

of IT4. The result of the cluster analysis was three distinct clusters representing 
three different levels of IT maturity, see Table 3.  The result of the cluster 
analysis fits well with the model for determining IT maturity seen in Figure 10. 
Cluster one utilises the IT systems for all kinds of managerial purposes, 
indicating a high level of IT maturity. These companies have reached Phase 
Three in the IT maturity model. Cluster three emphasises the planning of 
resources which characterises the second phase of IT maturity. The members of 
Cluster Two are the IT beginners. They have acquired a CMMS but are still not 
using the potential o the IT system to full extent. 
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Table 3. Final cluster centres and distances between cluster centres 

1 2 3
4 2 3
5 4 4
3 1 1
3 1 1
4 2 3
4 2 3
3 0 1
4 0 3
4 1 3
4 0 4
3 1 2
4 1 2

Distances between Final Cluster Centers
Clusters 1 2 3
1 9.281 4.218
2 9.281 5.702
3 4.218 5.702

k. Maintenance budgeting
l.  Key performance measures
0 = Do not have this functionality, 1 = Used minimally, 5 = Used extensively

g. Manpower planning and scheduling
h. Inventory control

j.  Spare parts purchasing
i.  Spare parts requirements planning

f.  Equipment parts list
e. Equipment repair history

c. CM parameter analysis
d. Equipment failures diagnosis

Clusters
Final Cluster Centers

a. WO planning and scheduling
b. PM planning and scheduling

 
 
In order to determine significant differences in characterising factors between 

the different clusters Kruskal-Wallis and pair-wise Wilcoxon-Mann-Whitney 
was used, see Table 4. Only the variables which showed significant differences 
are listed in the table.  
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Table 4. Differences between clusters 

Measure 

Cluster 
1 

n=16 

Cluster 
2 

n=16 

Cluster 
3 

n=26 Statistics 
(a) G6 Process production (2.3) (1) (1) �2 = 

7.928 
Mean rank 37.28 21.91 29.38 p = 0.019 

(c) M1 s. Use of companywide 
information for diagnosis 

(2.3) (1) (1) �2 = 
10.626 

Mean rank 40.97 25.78 24.73 p = 0.005 
(c) IT5 Degree of IT integration (2.3) (1) (1) �2 = 

13.318 
Mean rank 41.53 21.19 27.21 p = 0.001 

(d) M1 n. Performing the 
maintenance tasks based on 
statistical modelling of failure 
data  

(2.3) (1) (1) �2 = 
7.062 

Mean rank 38.81 26.5 25.62 p = 0.029 
(d) M1 r Remote diagnosis 
(measurement sent to another 
place for analysis) 

(3)  (1) �2 = 
6.417 

Mean rank 37.88 25.94 26.54 p = 0.040 
(e) PER1 m. Decreased effect 
on the environment 

(2.3) (1) (1) �2 = 
7.465 

Mean rank 36.75 20.97 30.29 p = 0.024 

a) General factors, b) IT investment, c) Level of impact, d) IT Goals, e) IT 
benefit, f) Strategy support. Numbers in parentheses indicate the cluster number 
from which this cluster significantly differs at p < 0.05 level according to a pair-
wise Wilcoxon-Mann-Whitney test. 
 

General factors, Table 4 (a): In cluster one high IT maturity and process-
oriented production are used significantly more, compared to the other clusters.  

Level of impact, Table 4 (c): In using company-wide information for 
diagnosis the degree of IT integration was significantly more emphasised in the 
cluster, representing high IT maturity, while there was no significant difference 
between the other two clusters in either of these variables.  

IT goals, Table 4 (d): A significantly higher proportion of the maintenance 
was based on statistical modelling in cluster one with high IT maturity, 
compared to cluster two and three. The use of remote diagnosis is also more 
emphasised in this cluster.  In neither of these two variables are there any 
significant differences between clusters two and three. 

IT benefits, Table 4 (e): Maintenance is to a significantly greater extent 
estimated to contribute to decreased effects on the environment in cluster one 
compared with the other clusters. 
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The result of the study supports the IT maturity model, and three distinct 
groups of companies with different levels of  IT maturity were found.  

The analysis showed that organisations with a high level of IT maturity are 
characterised by having a more process-orientated production compared to the 
other groups and by estimating that the maintenance practices they used 
contribute to a decreased impact on the environment. Furthermore, companies 
with a high level of IT maturity are also characterised by having an integrated 
MMIT, using statistical modelling of failure data, remote diagnosis and 
company-wide information for diagnosis.  

No specific factors were found which characterised the other two IT maturity 
phases, though. One possible reason is that we have used data from a survey that 
was not specifically designed for this purpose and that the data did not fully 
cover all aspects of IT maturity.   
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Continuous cost-effective improvement 
Companies today need to continuously improve their processes to meet the 
increased competition and to be able to survive on the market. Improvements of 
the operation are needed in order to utilise more of the available resources and 
thereby reduce the production cost. The maintenance function has a vital role in 
improving the production process, because proper maintenance can reduce 
stoppage and short stoppage occurrence significantly and thereby reduce the 
production cost. Furthermore, maintenance can generate data that can be used as 
valuable input when designing new and redesigning old equipment. The 
generated data can also be used to improve the maintenance process itself. 

However, in order to be able to use maintenance in this way requires that 
maintenance is managed in a proper way, which requires access to proper tools.   

The methods, models and systems described in the previous chapter can form 
tools in a system for continuous improvements of maintenance. Figure 13 shows 
a schematic view of where the different tools and methods can be used in a 
maintenance improvement cycle. 

Common database

EcoCon BETUSMaintenance selection

Initiate improvement
activities

Implement the best 
solution 

Identify solutions and 
assess their potential 

Analyse the current 
situation

Follow up the 
performance of the 

implemented 
solution 

Adopt the solution 
in the organisation 

Figure 13 Continuous improvements in maintenance 
 
To be as effective as possible it is important to start as early as possible, 

before serious problems occur. This requires systems and methods that detect 
deviations in relevant maintenance-related technical or economic factors at an 
early stage. EcoCon allows for monitoring the economic impact of maintenance 
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on operative as well as strategic levels and can thereby give a more accurate 
view of maintenance performance. This can give early indications of deviations 
that are not possible to get from other systems. BETUS can also provide valuable 
information to be used in improving maintenance performance by showing 
potential savings in the production process that can be recovered by means of 
more efficient maintenance.  

EcoCon and BETUS both rely on the availability of relevant and accurate 
data. Usually data regarding maintenance impact is spread among several 
databases and often in manual records as well. This makes it difficult and time-
consuming to gather the data required to assess the maintenance impact. To 
overcome this obstacle and ensure that EcoCon and BETUS have access to 
relevant high quality data the concept of a common database is used. In this 
database all data required for maintenance management is easily accessible by all 
applications.  

EcoCon and BETUS indicate where there are possibilities for improvements 
of maintenance performance, which may require changes of the maintenance 
policy or enhancement of the current policy. To ensure that this is done 
consistently, objectively and in support of company strategic goals a described 
method is required. 

When improvements are implemented a follow-up should always be 
performed to verify the improvement and also for the organisation to learn, for 
which EcoCon and BETUS can provide the data required.  

Using IT tools to support proactive maintenance management requires some 
level of IT maturity in the organisation. IT investments are dictated by the need 
to support holistic maintenance decisions.    
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Thesis results and contributions 
This chapter summarises the research results and contributions. 

Results  
In the following the results achieved during this research are presented in relation 
to the research questions.  

 
RQ1: How can different approaches intended for maintaining or improving 

production process performance assist in the  identification, analysis, 
elimination and prevention of recurrence of problems in a production process?  

  
In Paper I it is shown that several of the most popular approaches, i.e. TPM, 

RCM and Six Sigma, used for improving the performance of production 
processes do not fully consider the financial impact or maintenance or do not 
consider maintenance at all. However, TQMain provides the means required to 
select ways to prevent the recurrence of problems on the basis of cost-
effectiveness.  

 
RQ2: How should maintenance be selected on the basis of cost-

effectiveness?  
 
Maintenance can play an important role for companies in increasing 

profitability. However, to do so proper tools and methods that support cost-
effective decisions in maintenance management are required. These tools must 
be based on a holistic view on maintenance, considering all areas that are 
influenced by maintenance, e.g. production, quality, life cycle costing. Both 
technical and economic impact must be considered, but decisions should be 
based on cost-effectiveness and consequently maintenance technical 
performance must be translated into economic impact. In Paper VII a model for 
how to select and improve a maintenance policy based on cost-effectiveness is 
presented. This model together with relevant tools for measuring maintenance 
performance (Paper IV and Paper VI) and making relevant data available (Paper 
III and Paper V) enable different maintenance policies to be compared and 
selected on the basis of cost-effectiveness. The presented model for selecting 
maintenance policy is integrating methods used in industry and is developed to 
incorporate identified strengths of existing approaches for selecting maintenance 
policy and at the same time avoid their weaknesses.  

 
RQ3: How should the technical and financial performance of maintenance 

be measured in order to enable cost-effective improvements?   
 
The direct impact of improved maintenance is technical, i.e. reduced number 

of stoppages, reduced number of short stoppages and increased quality level. 
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However, because the objective of companies business is to make profit and 
consequently decisions should be made based on cost-effectiveness it is essential 
to assess maintenance economic impact. In Paper VI a system for how to 
monitor the technical and financial performance of maintenance is presented. 
The system measures savings due to improved maintenance in the production 
process but also in other working areas. It also allows for measuring savings due 
to improved maintenance on the strategic level and can thereby provide a holistic 
view of the impact of maintenance on company profitability. In Paper IV a 
conceptual model of a decision support system for monitoring and assessing the 
financial impact of maintenance on company profitability is presented. This 
model provides, among other things, a set of key performance indicators that can 
be used to identify where and how much to invest in maintenance. In Paper VI 
current approaches related to assessing maintenance impact was reviewed and it 
was concluded that the existing approaches do not fully considers economic 
losses and savings due to maintenance, which is a problem if maintenance is 
considered to be motivated by economic reasons. The presented approaches for 
assessing maintenance impact models the link between technical maintenance 
performance and its economic consequences.   

 
RQ4: How to access relevant data required for cost-effective decisions in 

maintenance? 
 
Cost-effective maintenance decisions should be made based on a holistic view 

of maintenance, considering its economic impact in all areas and on operative as 
well as on strategic level. Data reflecting maintenance total impact is usually 
scattered around in different databases in a company and collecting the data can 
be rather difficult and time consuming. The diversity of data sources may lead to, 
among other problems, data heterogeneous problems, e.g. data stored in different 
data types. To avoid this problem and make it possible to have access to relevant 
and consistent data required by cost-effective maintenance management the 
concept of a common database can be used. The main result from Paper V is that 
the common database concept makes it possible to obtain a more correct view of 
the situation with regard to maintenance. Furthermore, in Paper V it is described 
how to define, select and utilise relevant data for cost-effective decisions in 
maintenance. Paper III describes a database model for monitoring and assessing 
the technical and financial impact of maintenance on the production process. 
Two case studies referred to in Paper III conclude that most data required for 
assessing maintenance performance are available in a company’s databases or 
can be found in other manual sources, but that they can be very difficult to 
access. To overcome the difficulties related to accessing relevant data a database 
model was developed based on the common database concept. The result shows 
that a common database model can provide relevant data for assessing technical 
and financial maintenance performance and making cost-effective decisions in 
maintenance.  

 
However, related to RQ2, RQ3 and RQ4 is also the organisation’s ability to 

use information technology in a predictive/proactive way. This requires that the 

48 



organisation has reached a certain level of IT maturity. Paper II explores IT 
maturity within maintenance management in Swedish industry and the result is 
that three distinct levels of IT maturity can be identified among the responding 
companies. It was possible to categorise companies according to this model; 
however, it was not possible to find significant differences in the companies that 
could explain the IT level. 

Contribution 
In the following the contributions from the research presented in this thesis are 
summarised. 
 
1. Analysis of the abilities of different approaches to identify, analyse, 
eliminate and prevent the recurrence of problems. 
A review of the ability of TPM, RCM, Six Sigma and TQMain regarding their 
ability to identify, analyse, eliminate and prevent the recurrence of problems. 
The review is based on relevant scientific literature. The review reveals that 
TPM and RCM have shortcomings in that these approaches do not fully consider 
maintenance economic impact. Six Sigma, on the other hand, suffer from not 
fully consider more effective maintenance as a solution to problems in the 
production process.  

 
2. Exploration of IT maturity within maintenance management in Swedish 
industry 
A model for defining IT maturity within maintenance management was tested 
using data from a survey regarding maintenance in Swedish industry. Three 
distinct groups of companies with different levels of IT maturity where found in 
the study, where the cluster one is characterised by high IT-utilisation, cluster 
two of medium IT-utilisation and cluster three by low IT-utilisation. However, in 
this study it was not possible to distinguishing the companies based belonging to 
the different clusters based on other characteristics e.g. type of industry, number 
of employees, age of production, type of production, turnover. 

 
3. A database model for monitoring the technical and economic impact of 
maintenance 
The model provides maintenance management with relevant data for decision-
making in maintenance. It integrates data from relevant working areas such as 
production, quality and maintenance. The model is based on a holistic view on 
maintenance and includes factors, related to maintenance, which can be found in 
the entire production system.  

 
4. A decision support system for monitoring and assessing maintenance 
impact on profitability 
The output from model can indicate problem areas at an early stage and can 
thereby help management to avoid unnecessary costs and form a base for 
investment decisions. The functionality provided by this model is currently not 
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found in commercially available maintenance IT-systems. The model is tested 
successfully in a case study both regarding its functionality and its applicability.   

 
5. Definition of the common database for maintenance management 
The definition and overall design of a common database for maintenance 
management is defined and the use of a common database in maintenance 
management is illustrated. The importance of a common database in accessing 
data required to get an accurate view of maintenance and thereby a better base 
for maintenance decisions is also described.   

 
6. A system for monitoring the financial and technical performance of 
machinery 
This system measures the increased or decreased savings in the production on 
operative and strategic levels due to maintenance between periods. By using and 
setting up the system in a proper way it is possible to obtain a view of the total 
economic impact of maintenance. The economic impact of maintenance is traced 
from maintenance technical performance, i.e. changed number of stoppages, 
changed stoppage length, changed short stoppages and changed quality level.  

 
7. A model for selecting maintenance based on cost-effectiveness 
This model provides a structure for selecting and improving maintenance policy 
in a systematic and consistent way on the basis of cost-effectiveness. This is a 
general model in the sense that it can be used for all possible maintenance 
policies. Current models and approaches for selecting maintenance is generally 
not very strong in comparing different types of maintenance policies based on 
cost-effectiveness. 
 
8. Continuous and cost-effective improvements of the economic impact of 
maintenance 
The tools and methods described in this thesis form important parts of a system 
for continuous, cost-effective improvements of the economic impact of 
maintenance.  The tools and methods described are all based on a holistic view 
of maintenance and fully consider the economic impact of maintenance. 
Furthermore, the presented tools and methods are neutral, in the sense that, all 
types of maintenance policies are assessed based on cost-effectiveness. 
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Conclusion and implications 
In this chapter the conclusions of this thesis with its appended papers are 
presented followed by implications, thesis criticism and future research. 

Conclusion 
The conclusion is that the tools and methods described in this thesis can 
represent important elements in a system to continuously and cost-effectively 
improve maintenance performance. Other conclusions that can be made based on 
the previously described results are: 
- TPM, RCM and Six Sigma do not provide proper tools for continuous, cost-

effective improvements of production process performance. 
- Applying the described method for selecting and improving a maintenance 

policy allows companies to continuously and cost-effectively improve the 
economic/financial impact of maintenance.  

- The conceptual model, BETUS, for monitoring and assessing the technical 
and financial impact of maintenance on the production process offers the 
possibility to overview maintenance performance. In addition, it allows for 
making cost-effective decisions in maintenance by providing functionality 
stating where and how much to invest in improving maintenance 
performance. 

- The system for monitoring the financial and technical performance of 
machinery, EcoCon, makes it possible to assess the total economic impact of 
maintenance. Furthermore, the system can provide useful information/data 
when analysing causes of deviations in maintenance performance.   

- The common database concept gives access to relevant data for maintenance 
management from all relevant sources. Consequently, the common database 
allows for integrating maintenance into the operation of the plant. 

Comments on and criticism of the thesis  
Writing a thesis is a long process and during this time the meaning of the 
research question and problems may develop and change.  

If I start with the overall research problem: How to select maintenance policy 
and follow up its performance with respect to cost-effectiveness in order to 
improve company’s profitability, I still  think this is a very relevant question 
because performance in maintenance largely depends on what maintenance 
policy is being used. This decision will have a direct impact on the performance 
of the production process. Indirectly, it may have an effect on the performance of 
the production process in that, dependent on what maintenance policy is used, 
different types of data are gathered. For example, if traditional preventive 
maintenance is used, maybe only data regarding time to failure, time to repair, 
etc., is gathered, while if condition-based maintenance is used data regarding the 
status or condition of the equipment is gathered instead, and this type of data is 
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in general closer to the problem compared to time. These data can be used as a 
valuable input when improving the production process or when designing a new 
production process. However, it is not possible to say that condition-based 
maintenance is always better, or always more cost-effective. To be able to say 
this, tools, methods and data for making correct decisions regarding what 
maintenance policy to use are required. So, I still think the questions are 
relevant.  

The long time period in itself may have affected the thesis. Paper I is, for 
example, based on a literature study that was started in 2002 and the paper was 
presented at a conference in 2004 and now it is 2008. In maintenance 
management six years, from 2002 to 2008, is a very long time. During that time 
researchers around the world have developed the research area tremendously. 
Also, during this long time I myself have hopefully developed as a researcher 
and maybe also my view on maintenance. However, the time can also have 
positive effects in the sense that more aspect of each research question have been 
looked at. All in all, I believe that the long time has increased the quality of the 
thesis.   

Regarding the methods used to gather data for answering the various 
questions I think they are relevant, but that they could sometimes have been 
performed in a different way. For example, a questionnaire was sent to a large 
number of Swedish companies to collect data regarding maintenance. This is a 
relevant method for our purpose, but today I should have performed it differently 
in order to increase the response rate and thereby made it possible to draw more 
statistically significant conclusions. Case studies have also been used as a 
method in some places. If I should have done this research again, I think I should 
have combined these two methods more to increase the possibility to generalise 
more. 

Relevant, reliable data to be used in research is the result of using proper 
research methodologies. Collecting data is, however, a very time-consuming 
activity, so collected data is used extensively. This is a balance act, where the 
benefits that can be gained from colleting more data should be put against the 
cost of collecting the data. In this thesis it is especially Paper II that can be 
criticised in this respect. Data was used for a slightly different purpose compared 
to when the questionnaire was developed.  

Lastly, the level of application can be discussed. In most of the included 
papers there is a connection to industrial reality. Either real data has been used to 
test models and systems or studies have been made to assess the applicability of 
systems. However, none of the presented results have been tested for a longer 
period of time in an industrial environment.   

Future research 
During the work with answering the research problem areas have appeared that 
require more research in the future.  
� When selecting maintenance and when measuring maintenance performance 

as described in this thesis it is done on the basis of financial performance. 
However, the primary effect of maintenance is technical, e.g. fewer 
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stoppages and short stoppages, and these failures then need to be translated 
or followed to their financial consequences. The models used to describe the 
link between technical maintenance performance and their financial effects 
need to be further developed to be possible to use in more situations as well 
as for assessing the financial consequences of stoppages. This is very 
important in order to be able to prioritise between different possible 
improvement opportunities. 

� BETUS, EcoCon, the method for selecting a maintenance policy based on 
cost-effectiveness and the concept of a common data base could be 
developed in to usable tools for maintenance management. 

� Paper II explores IT maturity within maintenance management in Swedish 
industry. This could be further developed with a questionnaire more aimed 
at this purpose in order to grasp the distinction between companies 
belonging to different maturity levels. The link between IT maturity level 
and company performance is another area of future interest.   

� The research results introduced by this thesis could be integrated with the 
platform for maintenance decision support systems developed as part of the 
6th EU framework EU-IP DYNAMITE.  
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